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EVAL ’AT ION

The advent of sophisticated intelligence and reconnaissance systems has

resulted in the ever—increasing need to collect , process , store, and dissemina te

extremely high data rate and, consequently, high capacity digital information .

Until recently conven tional data handling techniques, through evolutionary

product improvements , have been adequate to cope with this growth. However ,

a point has been reached where moderate improvements in the state—of—the—art

are not sufficient for near term and f uture command and control needs for data

handling.

This technology development represents a three times increase in the state—

of— the—art in wide band digital recording and readout.

With the successful demonstration of machine—to—machine interchange-

ability, time base expansion (slow—down) , and overall bit error rates of 3 x ~o
_6

(without error detection and correction) at these packing densities , this art is

now consistent with our near and far term requirements.

Conceivably input/output rates In excess of the 240 megabits per second

with total storage capacities of 2 x io1~ bits on a single reel of tape are

now considered a reality.

_ _ _ _ _ _ _ _ _ _ _ _ _  
/

ALBERT A. J~~~~~RDINO
Project  Engineer
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SUMMA RY

Overvi ew

The basic objective of this p rog ram was to demonstrate the feasibi lity of r ccor (hng

a serial bit stream of 240 Megabits per second (Mh/s ) on ei ther  one of the two recor-

ders , and of reproduci ng the recorded magnetic tape on both recorders so that the bit

error  rate of the reconstituted serial bit stream does not exceed one error in bits,

both without timebase expansion , and with at least 12:1 slow—down.

These objectives were essentially fu lly achieved , even though the economics of the

prog ram requi red use of 5—y ear old labo rato ry reco rder/reproducer equipment.  Per-

haps even mo re impo rtant it was clearl y determined that the results were in t imate ly

dependent on the test method employed. For thi s reason , a substantial  po rtion of this

report is devoted to a discussion of available test methods and the corre spo nd i ng de-

pendency of the measured bit e r ro r  rate.

It was par t icu lar ly  fortuna te that the effort c~escri bed here coincided with a code—

comparison study sponso red by the A i r  Force Avicni ’s Laboratory (Air  Forc e Sys-

tems Command)  at \V rig ht Patterson AFB.  That study revealed that a recentl y de—
9

~‘eloped Ampex—proprieta ry recording code named “M _code ” * was the optimum code

for the pacI~ ng density to he used. This code was used in the feas ib i l i ty  stud~ .

~~gni ficant Results

\Ve believe tha t  the progra m resulted in achievi ng a deeper understanding of the

problems involved in the development of a f inal  system capable of hand ling data rates

in excess of 210 Mh~ s. I)u ring the cou rs e of this program , specific a reas investi-

gated included the need for adequate pre— emp hasis techniques to insure the capability

of timehase expansion; the effect of the use of deskew electronics and parallel-to-

serial converters anti specific test methods on the measurement of hit e r ro r  rate ,

and the interpretation of these measu rements as applied to specffic applications ;

the size of deskew bu ffers needed to insu re the capability of handling two—inch wide

*See A ppendix B

1

- —- -



pII.~
,- -

~~~ -~ 
. -

~ 
—

~~~
-.------— . -. -,

~~~ 
— —,,‘- ,.-- -- 

~~~~

—

tape , timebase expans ion, and machine—to—machine compat ib i l i ty :  and some l imited

information on the transport topology required to handle two-inch wide tape .

Future Research

Areas deserving of further investigations include the effects of crosstalk in the

heads , improved pre— and post—equalization techniques , tape hand l ing and tracking on

two—inch longitudinal machines , fast start/stop characteristics using two—inch wick ’
tape , and alternative head designs including non—standard track ck ’nsitics. 11 is also

felt that sonic sort of tape qualification system suited for pre—s ele ction of new tape

should be developed which ~voulci be suitable for specific app licat ions .

2
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1.0 INTRODUCTION

1.1 Background

Under an earlier program (contract No. F30602-73-C-0189) Ampex demonstrated

the feasibility of 5 Mb/s ope ration on each of 42 tra cks , on one—inch wide ta pe , with

a bit—erro r rate (BER) of i0~
6. Economic considerations precluded complementing

the full system to achieve a 200 Mb/s system bit— rate, but feasibility was demonstra-

ted on a per— t rack basis , and a serial—to—pa rallel , paral lel—to—serial  pair  was built

to show the practicality of divid ing the 200 Mh/s stream into 40 parallel channels and

subsequently recombining them. Recognition of the future needs for fu rther bandwidth

increases , the need for playbac k with and without timebase expansior~, and above all

the obvious need for machine— to—machine compatibility of the reco rded magnetic tape ,

suggested the program repo rted in this document. Concurrent with this effort,

Ampex also was awarded a contract from Wright Patterson :\ir Force Base (contract

No . F33615-75— (’— 1192) to evaluate and compa re va rious reconling codes. The re-

sults of tha t  study established that a recently—d eveloped , Ampex—prop rietary M
2
—code

was superior to both the Miller code, and the modified N HZ—codes.

1.2 ()I~jcctives

The objectives of this program incl u ded the investigation of those techniques neces—

sa cv to advanc e the state of the art in widehand long i tud ina l  magnetic recording to

accommodate data rates in excess of 210 Mb s. Data rates of this magnitude can only

be han (lled on longitudinal multi—track recorders by means of splitting the data up into

a large number of tracks th roug Ii the use of a serial—to—pa i-all el converte r S

rdi ng these on tape and then reco m hi ning them on i’d ) l’o(luc tioti back into serial

fo rm th rough the use of a l)arallel—~o—seri al converter P 5 .

The most important pet’fo rmancc  goals were as follows:

System Data Rate (serial stream) 240 Ml) 5

~ c—I rack Bit Rate 2 Mb s (minimum)

Bit Erro r Rate (ser ial  stream) 10

Lineal Bit I)ensi ty pc r I rack) 25 NJ ) 71n ( m i n i m u m )

_ _ _ _  ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ .—-  -~~~~~~~~~~~
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Reproduce Timebase Expansion 1:1 and 12:1 (minimum)

Machine-to-Machine Compatibility of Recorded Tape

To meet the above objectives necessitates availability of two record/reproduce
systems , such that a digital bit stream could be reco rded equally well on either ma-
chine and rep rod uced on the other. However , in accordance with economic limita-
tions , implementation of a subgroup of tracks (5 to 10) on each machine would suffice
to demonstrate feasibility , provided several subgroups of tracks would be tested by
use of full—complement head assemblies , and electronics for a sing le su bgroup on
each machine . Moving the eletronics from subg rou p to subg roup would adequately
simulate full system operation for the pu rposes of evaluating ultimate system feasi-
bility . Figure 1 shows a photograph of the Ampex equipment fu rnished for use as the
feasibility model.

8
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2.0  PROG RA M PLAN

2. 1 Record /Reproduce Systems

To provide two laboratory recorder/reproducers of the latest Ampex design
(FR—3000) would have entailed tying up substantial capital for nearly a year. In addi-
tion it would have involved major mechanical modification as mentioned below render-
ing these machines non-saleab le after  program completion. We therefo re selected
older available reco rders (1”R—2 00 0) which , thoug h not having the same capabilities
as the FR—3000 , would adequately serve as test vehicles for the program. Initially,
a general overhaul of these two machines was requi red to establish performanc e to
origina l FR—2000 data-sheet specifications .

To accommodate the serial bit rate of 240 Mb/s for the system , we decided on 64
tracks (60 data tracks , plus one overh ead track for each group of 15 data tracks , as a
part of the deskew system): the resultant per—track data rate (4 Mb/s ) is well within
today ’s technology, although the ci rcuit design for system implementation was incom-
plete at the start of the prog ram. Placed on 2—inch wide tape , the track density would
thus be a mere 32 tracks per inch. This relatively conservative design ameliorates
the dangers of mistracki ng due to tolerance build—up and assure s a high deg ree of
machine—to—mac hine compatibi l i ty which , it was felt , mig ht be endangeredl liv a much
hi gher t rack density with the existing tape guiding accuracy . A mechanica ll~- rede-
signed transpo rt might eliminate this as a problem. The s malle i- the nu iuhc r of t racks
as used in this study , would lower the u l t imate  cost of full  head assemblies and of a
ful l  comp lement of signal eld’ctronics . On ti le other hand , an inc i’ease in t rad- k density

would case th e requl rcnients on hits /~ n/I  rack ~v hich in  tu rn  may  si g ni flea ntlv reduce
th e equa li?.er complexi ty  and thus the pci’ channel d ’OSt .  The tradeolfs between these

two app roaches were not a tin lv z ed in this  s tudv.

C hoice of 2—inch wide tape requi i’e(l A mpex to redesign the fol lowin g mechanical
pa ris it ) ;i lt Ii tiol) to the llCfl (I assem l)Ii es themselves :

I - J1 : , I f—inuo i i  I i  I g U i 1 e —  ( I i  tlit .\dculuop - hea(1 mount

2. All tal)e guides

- I , :ulenia i’k . .\ nipex (‘0 rp
10
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3. Capstan puck

4. Vacuum chambers

5. Reel Hold-down Assemblies

In addition it was found that the increased mass of tile reels made operation of the

reel servos marginal even wi th  14—inch diameter reels , and tests were limited to a

10. 5-inch tape pack diameter. Moreover , even with 10. 5—inch reels , operation above

a tape speed of 120 in ’s was at first uncertain. As can be seen from the nomog ra ph

of Fig. 2 this design , (solid lines) results in a lineal bit density of ~3. 3 Nh ‘in ,

well in excess of target  spec i fications. On the othe r hand , a sub s tant ia l ly  more con-

servative design results at  a tape speed of 130 in ~s (dotted lines ) since the lineal l) it

de nsi ty  is then only 26 . 7 KU in w i th  re su l tant  i n ip ro ven ient  in bi t—erro r rate.  ( ‘lenn y ,

even this lowe i’ di ensitv is we ll within the 25 to 2 ~ KU in specified by the p rog ram oh—

je (-ti ves

Fina l l y ,  it was  felt  tha t  this  choice of system design would allow for fu r t he r  futu re

: I( iv anees  in sy s tem pe rf() i’mane e \ ‘CI thOl . it  a majo I ’ red esign e l f ( )  i’t . Fra ek densi ty (0 1’

tape ‘~\ i  ~l t h )  could be ifle i’ease( I J~v J)C r l i i j  ~5 :15 m u c h  as 3 r  and 1)Ci ’ — t i’ack bit rate in—

C reused to MI) s \ V i t b o t l t  (‘u n i t )  I’OIl)i s ing  s \ s t e n i  usefu l ness - 11

, 
feasible , suc h changes

could well  result  in tu tu  l’e s\ st en i  I~~t r a tes  as high as 510 \lI) s . Exp lo rat ion oi f these

)OSsil )illtieS was not inclU (le (t in  the  J ) 1X ) g  ram plan . however.

S stated ra d i e  r. fu l l  elect i-u rn (‘ cotii J ) leme nt t l t iO ii of all 61 tracks oii Ixith iliac hines

\ V )  5 ~vel I I )ey() fli I the Ii na nd in I scope ot 1 lid ’ 0 )L~ i’a ni . e the t’eto cc (ie(’i(le(i . in acco I,—

dance  u i  tb t he S t a t em ent  of \Vo rk hi I’ t h i s  eont rae I - to t est  su 1’) ni is of fi ve ilata tracks .

p l u s  one oy e t ’h ead  t r a ck . i . e .  tot al ol six t r a c k s  per  sul)g I’U t I j ) . l~oth reco rd ‘ r c p o —

du o - c  bead : i s s e n il i i i e s  w c r c  to have  1 I t l ’ ) ( L s  so t h t i t  several  suhg I’O Ip S Coti ld he

tested I ,v m t ’i’el V movi j ig t h e  sig ti;i l d c l  rot l ics  fro m sul g coup to su I g coup. si mul  ta—

ttt ’ou s ly  a tii l Ci )  i ’ l ’ I’S j ) ( i t i i i i  ng l \ ( l i i  I~ ) t  It iliac hines. Success he L’e \V01.l l ( I  t heti es ta l  d i sh  ~~\• s—

em I’ea 51 1 111 t~ if and wh en  lul l (- (in) p1 en ient at ion were rt~j u i  red :t t i t i  i t t  t )de (i

in the a I ,Seno’e of s ig n il ci cot mu tes for all  tracks , t he  red’o i’ i Ie  rs could not he tested

i t  fu l l  sell al da ta  l a t e  2 JO MU 5), ul o-mt rse. h owever . e:te Ii ~u l  r~~U~) t t’at’k ~voulii

s t i l l  ope rate  at  I Mb 5- as it ~‘otultl ilo i i i  a eotil1)let (_ ’ 5\ 511. 11 ) .  t h e  p e r f o r m a nc e  ~ the

I 1011 1) ~i f live data t t’:n’ks w oul d  then have to be testeoi at the app r opria te  s o n  :11 data

i’ate . I.e . at n o n u i n a l l v  ~ ( i  Mb s . In a fu l l ~ eqtiij)pe (l s\ stem , \\ c ~voulol use IS da ta

11 
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t rack s  plus one overhead track , per subg roup, as stated ea rlier.  Based on our exist-

ing experience, this increase in data tracks per subg roup would of fe r  no additiona l

difficulties .

2. 2 Test Equipment

In the absence of a defi nite specification for test equipment to be used , we had

planned to measu re BE R by means of a pseudo—ra n dom wo rd generator  and compa ra-

tor with a test—sequence length of 511 bits , as this has become the most generally

accepted method . There remains an essential question whethe r eiro r i)u rsts StX ) t i ld

or should not he included in the count , and w h e t h e r  the sy s t e m  should or should not

lie allowed to t’esvnchron ize itself , in case of a sequenc e sli p. Custo niarilv. Ia rge

bu rsts of e i’ro rs are discounted in such tests.  on the p remise  tha t  the~ are att  L’iI)1~t t —

ab le to tape (1 cop—outs ’ -
.

The d i f f i cu l t y  of establ ishing a t ml~ val id  t est method \v:is ~vell recognized in i t i a l ly

a tid ~v as id yen sig ni fica u t  attention in this p cog ra iii , p [‘cci sel V because ( i t  i t s  t ru lv

g i-eat impo rtance:  A g iven system can o (ten be made to ci the i’ pass or fail I lie l)i

e rm t’ rate specif icat ion , depe nding on the  test method used.

2. ;I (‘ode Selection

The 0 i’igi ui~il plan ~v a s to use t i t e well— proven ~t I i l le  i’ code to encode the olata on each

t rack  jus t  p riot’ to ) the recording process i Ref .  1 ) .  i n rtuitouslv . another division of

.\ nipo’x recent iv developed \ mpeN—J)[’o~
) nieta rv code Inc corn merc ia  I b i’oadcast tel e— 9

‘1  • 1

vi sioti i’eci) i’d ing applications na med - - \ I  — ( - ( M id’ ’ . The \t —code has a lowe red i~ N R

t he l ine a l h i t  dcnsi t ic s  used a nil u t n d e c  ot her~vj  se id en t ica l  ope t ’ati ng conditions

S(- o-  pa rt 1. 0 of this repor t ) .  It was  the rein cc decided to p r o v i de  the  two tes t  s\ s—

tems with 11 logic , ra t t l e r  111:11) 11 I ll er log ic’ as ~vas pta nned a t  t he  outset of the pro—

g r a m .

13



Fr. 
~~~~~

—

~~~~~

--
~~~~ 

. -

~~~

--—-- - - .  

~~~~~~~~~~~~~~~~~~~~ 

. -

~~~~~~ 

-

~~~

- - -

~~~~~~~~~~

—-- - -

3. 0 REC OR D / R E P R O D U ( ’ E  SYSTI- M

:3. 1 System Block Diag ra m

A block diag ram of the system Ampex fu i-nished m i ’  the f e a s i l ) i l i t V  s t u t iv  is shown

in Fig . 3. On the Ik~o rd sio l e, the  ser ial  data  and clOck cute i- the  S e r i a l — t o — P a  1:11 lel

converter (5 / Th .  For the fea s ib i l i t y  model , the  d a ta rate  was I MU ‘s - the band-

width of the available reproduce amp li t ic r was ii nu ted to :~ . 6 MU s - Fbi s ~vas  I lie

reason for loweri ng the data rate to Is M U ‘s, f r om i t s  2 ) )  Mb’ s nomina l  ~:il ue . ‘l’ he

N H Z — L  data was accompanied I ) ~1 svn ci l ronot ts  I ~ \ i h h i  o - locL.  h it - ~- P sp l i t  liii - d a t a

into 5 lines of 3~ 6 M b  ‘5 d ata wh it- h in lii no \\ ‘as i-outed to h it - s\ i l c  i i s o -  etc r . The out-

put of the  sync inserter consists of 6 lines of dal i c-a cli co n t a i  u i i i l g  t i l e  I I~~( I i  en  s\ ii - in-

fo rnlation requi retl to deskew the data on rc l) l ’o ( lttc ti o 0.  l Ilt - da t  a :1 re I lit-ti p :t ss ccl

throug h an ~I end-oder which  conve rts the N fl’/~ — I - l i l t  tnt  d a t a  code i n I l )  t i u ’  M 
2 

ci de fo i-

reco t’ding in the feasi l ii li tv moolel . the featu [‘es o h t i l i  5 to U are di —c i i  ~— s e d i i i  I ‘a rt

4. 0 of this  i’epo rt . ( )nce encoded , the i nfo i ’ii i  all on is led I i i  t h e  Ii cad I) civ 1.-i - s v~ hi cli

oi t~ve the SiX tracks on the record h ead.

On rep rodu ct ion .  t he si gn als  pa.~s I t’om tile output ut tho ’ i-el u’c~ Rice head t i  i i  t i n  h

p re—amp l i t i e r s  and (I ir ect re t )ro t lu t - c a n l ) ) l i l i ( - t - s  \ v i t i l  :i s s i - i : i t e c l  -~ u i : t 1 i  e n  t i l t e i~ — . I li t -

pu rhx ) se ol these t i l l e r s  is 1(1 equ: lli xc tilt- ( - h : iu l n e l  s I i i  : ) ( - ( - o t i n t  h i t  t In- non—nfl U t~t i i  t t o —

qucn(’v respo)ns(- of th e  rc’c-o r il ‘t’c ’I) rioitt ( -c ’ ~u m ( s s  . ~~~~ the  s i i i n : i i s  t 0 c t i i  t - : tc l i  1 t a c k

ace feo l to t hci r respec ti \d’ bj I—s ync Ii corn i.e I’ i ic o ’o i io ’ t’ ti I tV (’( i~ c - t 1w t h u -k I I I lie

da ta and to perfo rm tilt’ h it detect ion ~~~~~~~ i i i  suc h  :1 m :tniieu - th at i t  t e c i i i i s t  n e t s  t l i i -

d ata in  M lorm.  Ti l t -  decoder is  used 1(1 1’t-conv - i’t t h e  d a t a  l i i  M to t ht ’I t o i i n i i i : l l

N RZ— I. f or m .  Once t i l i s  i s  ace om it l i sh ec l tilt’ i i : il : i ii tli- s - ‘~ i t li tlu ’i u - i iub ~ idu al I i  eks

enter  the do-skew elt-o’t ronics w h i c h  rc’— :lliit n t he  i l : i t : i  I f  I I t () J i I :i r a i l  c i  f i i i  I t  t o i l —

\‘crSion troll) pa i ’allel ih i t : i  I t )  s e r i a l  d a t a .  h i i i i— last o-on~ - t s i o u i  is  a o - i - c u i i J  i i  -~i n i  i i \

means 0)1 tiit’ pa rallel —to—s ’t ’i: t i ( o n V ( ’ r t ( t ’ i t ’  ~~ i i4 ) ( I~ u ) i I i l t i I ) h i (  i i . —. t n — c - I  c i ’ i i i t I ~d~
the :; - MHz pc’1’— t i’:uo-i ~ (-lock to I ~ MI hi . u t t v l i i e h  r a t e  t h e  ul:t t : u  u i - c o h  u-( , I ‘ i t  i t  t i n

svste ni ~tIien thc’ r’eI)Iii (ltio’e speed i s  h it ’ s :utii (’ :is t h e  reco rd ~— h t . I \\ in t l 16:1 tit I lt—

base expauiSion is usc’d . i. c-. when t u e  r e i u n c i i l u e o -  s l i c e 1 i s  one ~- i \ tc -i’i tt I1 oh t i t o -  ec u , )

speed. :111 data rates a n t i  chn-k  en t i ~ - t I c  i I 1 N ) i i ( I i ’ t i o u l : t t e l \  m o ’  c - i .  I I I , 223 - I

t rack ,  and 1 . 125 Mu 5 l o t ’  tin’ s ( - ui: i i out p u t  t Ru t :u s t t o - : u t l i .  I
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3. 2 Encoder

Prior to reco rding the data on tape it is necessary to encode it into some form of
channel code. This is done to reduce the problems associated with the lack of dc

response of the recorder and to provide sufficient transition densi ty on tape to main-
tain lock in the bit-synchronizer used for clock recovery . The encoders accomplish

9
this function. In the feasibility model, the encoders convert the data into the M code.

The reasons for selecting thi s particula r code are covered in Part 4.0 of this repo rt.

3.3 Record Head Driver

The pu rpose of the record head driver is to provide sufficient current into the

reco rd head to gene rate the flux used to magnetize the tape. Since , in general , the

flux generated will be proportiona l to the current , a constant—current sou rce is desi r-

able , i. e. a circuit in which the sourc e imped ance of the driver is high relative to the
impedance of the driven record head. Because in practice the head efficiency varies
with f requency, tha t is relation of outpu t flux to record current is frequency dependent

due to core losses in the record head , it is common practice to use pre—emphasis at
the higher frequencies to insure that the flux output is uniform over the hand of in-

teres t . This is normally accomp lished in the head driver with a suitable pre—emp ha-

sis network.

En conventional instrumentation tape recording , this pee—emphasis is accomplished

with a minimum—p hase netwo rk , and no concern is given to the resulting phase distor-

tion. Furthe rmo re , concern over the problem is restricted to what happens in the

specified bandwidths. Thus , for examp le, if 2 dB of boost is requi red at 2 MHz in a

conventional ret-order , any additional boost that results beyontl 2 MHz as a result of

the particular circuit chosen to do the job, is ignored si nce I RIG specifications (Ref 3)

do not require any measu rements be made beyond 2 Mh z.

In hig h—density digital recording , where severe handl irnit ing is taki ng place , the

amp litude and phase responses beyond 2 MHz are of defini te concern. In addi tion ,

phase distortion pro du ced by inappro p riate choice of pre-emphasis c i rcu i t ry  is also

deleteriou s since It tends to cause lntcrsvrn hol inte rferenc e which , in tu rn , deg rades

BER perfo rmance.

16
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If the problem were limited to that of recording and reproducing at one speed, the

solutions would be relatively simple. The problem of reco rding at high speed and
reproducing at low speed causes the problem to become more complex. It becomes

even mo re intractable when it is requi red that the machine reco rd at any of the avail-

able speeds and reproduce tnese data at at i v  other available speed without re—adjust-
ment of the system.

During the course of the p rogram, a limited amount of work was done to try and
determine the optimum pre—emphasis for such a system, The results , however , leave
much to be desired , and are considered to he of little use for futu re design effo rts

except to indicate that the problem appears to be mo re significant that was originally

anticipated . The pre—emphasis network finally used consisted of a zero nea r band edge

and a pole slightly higher in f requency. No phase compensation of the pre—ernph asis

netwo rk was attempted within the available time frame.

In addition to pro viding the current dr ive  and pre-emphasis required for such a sys-

tem , the head driver no rmally provides circuitry for mixing a hig h frequency bias
g reater than 3. 5 times band—edge f requenc y with the data.  This is done in convention-

al instrumentation reco rders to compensate for  the non-linea rities in the B—H curve
of the magnetic particles on tape. When reco rdi ng digital info rmation at relatively

hig h data rates , the rich harmonic content of the data eUiSCS can beat with the bias

frequency and thus cause unwanted distortions in the signal prio r to reco rding . One

approach around this problem is to f i l ter  the data to reduce the harmonic content.

Such filtering , however , contributes fu rther band- l imi t ing  and phase shifts and results

in additional inte rsymbol interference. We have found that non-bias recording elimi-

nates this problem and thus the head drivers used for hig h-density digita l recording at

high bit ra tes do not provide the ci rcuitry for mixing hig h frequency bias with the sig—

nat . At high data rates , BER performance proves to be better when using non—bias

reco rding than when using bias recording . However , there remains some question as

to whether perfo rmance is better or worse , when reco rding very low data rate s if the

bandwidth of the filter used to eliminate bias beats is larg e relative to the frequency

content of the data pulses and thus has a negligible effec t on the intersymbo l interfer-

ence In the system.

In the feasibility model used on this contract , the pre-emphasis netwo rk was chosen

on the basis of obta ini ng the “best” eye pattern with the tape record ed at 120 in/s and

17
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reproduced at either 120 in/s or 7. 5 in/s. The netwo rk was limited to one givi ng one

zero and one pole. Further work in the area of pre-emphasis would be required to
obtain optimum results.

3. 4 Pre—Am plifiers

The pre-ampliflers used in the feasibility model are mounted directly behind the

reproduce head to mini mize the cable capacitanc e between the reproduce head and the
input to the pre—amplifier. This approach allows increasing the number of turns on

the reproduce head to achieve greater output from the tape and at the same time main-
tain the resonant frequency of the reproduce head induc tance and the associated cable
capacitance at a frequency outside of the bandpass of interest.

3. 5 Direct Reproduce Amplifier and Equalizer

The transfer function of the basic record/reproduce process of magnetic recording,

i.e. between the input to the record head driver and the output of the reproduce pre-

amplifier, is not flat with frequency. A typical response curve is shown in Fig. 4.

In conventional analog instrumentation record ers , equalizers are used in the repro-

duce amplifiers to restore this response to a uniform response with frequency. This

is normally accomplished in such a manner that the response for a 2 MHz reco rder is

within +3 dB from 400 Hz to 2 MHz. Since the equalization requirements for high—

density digital recording are similar , but not identical to those of analog recorders,

the basic equalization circuitry used generally takes the same fo rm as that used in

conventional analog reco rding . The exceptions have to do wi th the values of the com-

ponents used and the reasons for th ese exceptions wi ll he d iscussed la ter.

Fig. 4 also shows a typical equalizer cu rve for analog instmmentation recording.

Fig. 5 is a simplified schematic of a typical equalizer , for analog applications .

Section of the equalizer consists of an integ rating amplifier to I LDvide for

equalization of the head cu rv e in the region fro m “a ’ to “h’ shown in Fig. 5. i’hc

break point at “b’ is variable by means of the adjustable resistor in the feed back of

section . The lower break point at “a” is controlled by coupling capacitors

throughout the analog reproduce electronicc.

18



-.- 

4 1

C)

— 0
-4

-o
a)
‘I)
Ca
01)a)

I..a)
LI)

— 0 —
—

N
>.I ,~~
0 

—

z ‘
~;a~ -
~~

z
L

-4

C.,

1 I I .~~~~~
C

‘9

--

~ 

5- --- - -~~~~~~~~~~~ - -  

-
~ -

--
~~~—--5-~~~~~~~~~~ ~~~~~~~~~~

-- -—--
~~~-



‘~ r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- -
~~~~~~~~--~~~~~~~~~~~~~~~~~~~~~~

L..._i 

®{ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1 /
”
\~~~~~~~~~~~~~~~~~~ i/ + \ j t~L

20

__________- 
— 

- 

-



-

~~~~

Section of the equalizer provides the peaking at point “c” on the curve. It con-

sists of a current source driving the passive network show~i; its outpu t is the voltage

across this passive network. The position of the peak relative to the frequency scale

is controlled by varying the inductanc e , the amplitude of the pea k by vary ing the

resistance , of the tuned circuit .  Section of the equalizer is a phase compensa-

tor used to reduce phase non—lincarities . The va riable resistor in section © is

used to adjust for either minimum group—delay or best pulse response , in analog re—

corders . In hig h density digital recording it aids in adjusting for the best eye pattern ,

and lowest BER.

Unlike analog instrumentation recording where the criterion for the various adjust-

ments available on the equal izer  is to produce as flat a frequenc y response as possible

and as linear a phase as possible (within the capability of the ci rcuitry available), in

hig h density digital recording , the ulti ma te criterion for proper equalization adjust-

ment is low BER.  ‘l’he first  step is a coars e adjustment  by the eye pattern improve-

ment observed on an oscilloscope , and the second step is the reduction of the achiev-

able BER. Adjustments  for l)est frequency response in an analog recorder does not

necessarily result in an optimal system. At  low packing densities , a reduction in

e r ror  rate is achievable by narrowing the bandwidth of the system to reduce the noise.

At hig h packing densities , improvements can be made by inc reasing the bandwidth of

the system to reduce intersymbol inte rference. During the cou rse of the prog ram it

was found that the deg ree to which the bandwidth must  change fro m the conventional

2 M h z  bandwidth was laege enough to requi i-e that the nominal values of the compo-

nents should be changed from those normall y used.

Furthermo re , flat response with f requency proves to be undesirable when using

this type of equalizer since it results in excess phase disto rtions , and excess noise.

It was found that much bette r results were achievable if the hi gh end was not boosted

to the level it no rmally would be to achieve flat response. This reduction in boost at

the high end results in less noise and lower phase distortio n at the sacrif ice of hig h

frequency response, hut appears to be the best compromise available for the lowest

bit e r ror  rate using this circuit for equalization.

One of the goals in the original program was to use a packing density of 33 Kb/in

per track at 120 in/s. This was found to he unfeasih i e for the existing hardware.

The problem was not attri butable to the basic equalization , however , but rather to

21
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the fact that at the corresponding bit rate of 4 Mb/s per track , the basic bandwidth of

the amplifier was insufficient due to stray board capacitances and other bandlimiting

facto rs , independent of the equalization networks used. For this reason the per track

data rate was lowered to 3. 6 Mb/s with the resultant packing density of 30 Kb/in. The

limited handw-idth of the basic amplifier (abou t 3. 5 MHz to the 3 dB point) causes phase

disto rtion at the hig h end of the band tha t reduces the maximum hit rate that can be
passed through the system on any individual channel . It is felt tha t if the bandwidth of
the basic amplifier were extended throug h re—design , performance would be improved

and higher packing densities at high tape speeds could he readily accommodated .

In other on—going development programs , --\ mpex is evaluating alternative equaliza-.

tion techniques which mig ht improve the performance of labo rato ry recorder/repro-

ducer systems and at the same time keep the cost per channel reasonable.

Diode speed switching is used to switch the elements of the equalizer as a function

of tape speed . Thi s is necessary since the shape of the frequency response curve of

the head varies  with tape speed . In the ampli fier used on this prog ram , the ci rcui t ry

is such tha t equaliza t ion can be accomplished at any two gi ven tape speeds by automa-

~ic electrical switching of the speed switch on the tape transport.  The part icular

speeds at which the amplifier may he electrically switched over are determined by

plug—in card s , each of which contain th c necessary passive components for equalizing

the channel at a given speed .

:1. 6 Bit—S ynchronizer  Decoder

The purpose of the h i t—s y nch ron i ze r  is to de r ive  a clock snchr o nous with the  da ta ,

for use in the basic- bit detection process by which the s ignal  t’ecove i’cd fro m tape is

reshaped into squ are puls c-S in the T~l —cO ( le , synch i’onou s ~vi th the clock , t h e  m i  r j~ )S c

of the decoder is to reconyc i~t the rv(-onsti tu led ~l pu lses and thei r clock to the

N H Z —  I, code , togcthd - r with a suita hie synch ronous clock. The l3 it — ~ vnc -h  I ’Oni7e I’”

Decoder A mpCX furnished for use in thi s feas ib i l i ty  stu ds - pro g ram is one of A mpcx ’ s

latest  designs for its commercial  pro duc t  l ine , and as such is a multi—speed , d cc—

t rk-aliv switchab le uni t  capable of decoding M , M i l l e r , or Ili -Phase.

The block diag ram in Fig . 6 shows the basic ci rcui l involved when used in the  ~I

mode of operation. ‘I’he signal fro m the t’eproduce amp l i f i e r  is ~a s sod th rou gh a

-, _ )  
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limiter and a t ransi t ion detector  is used to detect t r a n s i t i on s  in the data . ‘I hese a Fe

t’outecl to a phase compa ra to r which  ma Le s up the fi rst ~~ rt of a phase lock loop. ‘I he

t )h asc- comp arato t’ is of the d i g i t a l  type and i ts  Ou t p u t  ~5 e i the r a one or a ‘‘ zero

(Icperl di ng on whethe r the clock is leading  or lagging the ineo min g (L i l a .  t h i s  ou tpu t
is used in two places.  One is the i nput to the  up  down c o n tr o l  on the Ip l)own Co u n t e r

c o u n t i n g  (Ia ta t r a n s i t i o n s. ih e  ott tpu t of t h i s  c-ou nte r is fed to 1 I’CS is It ye \Veig h ti ng
network which acts as a d i g i t a l — t o — a n a l o g  co n v e r t e r .  The i’esul tant analog signal is

then mixed \v i th the i aye rt ed second output  of the phase comm a ra to t’. The ret at i ye

values of RI and R2 are used to en nt rot the Ion p ga i n am! th e  bandwid th  of the  loot

The mixed ou tpu t  is sul)p lie(l to a conven t iona l  vo l tage  c-oat rot led o sc - il  l a t o  r V t  - ( 
-

The nomina l  frequency ol the osc- i l lato  1’ i s a  h ina i-v mu l t i  p1 - t t t  t he  des i I’d !  ( 1n( L t a t e
at  the top speed . The p r o g r a m m a b l e  h v i d e r  i l iv i dc -s  the  o u t p u t  of the  o s t - j i l a t o r ( k ) \ \  a

to the clock rate a p p r o p r i a t e  to r t h e  speed of Opd’ C~I Ii ( ) f l  - In  th e ’  a c - t ua l  ci rcu it . t \ \

\~C( )~ 5 are used. Eithe r may I t e -  s et  ected by a se-pa I ’ate s~ ) C~c I I inc  S IR h t h a t  th e -  h i t
ra tes  used in the sy st e m  need not he h in a  r i lv  i’elaled , i . e .  the  r a t i o  of a ny  two ) i a \  —

b a c k  bit rates need not l)e a jxt ~v e i ’  of two

( )nce the  cloc k ha s been i’ee’o ye red f ro  in the  da ta  a ad t h e  ( Ia  ta t r a n s i t t e t  I to I I  I -

levels , the clock and data a iv- apl)lte (l to the  ~ l t l e ( - o d t - I ’ . i h e  ~2 ( i l ’ C t l i t  i S

because the M clod’ k is twice th e  f rec~uen e V ( 41  t l ic ’ ~~ Hi- — I - (I t u - L -,

~~~ 7 Deskew Electronics

\Vhen data is p r e s e n t e d  to a t’cc o r i l c t’ iii se r i a l  lo t ’ tn  ii su - li  l : i t a  r a t e  t h a t  i t  i —

not feasibl e to reco i’d it di r ectlv on one-  t - : i -L ,  t h e  d a t a  must he- ~— p l i t  up  I v  n v - : i n s  1

a sc n a t — t o — p a  ml tel conve i’t c 1’ ~ P :t rid l i S t  I’t lii  I - i i  \ c i  :1 t i t i  i i i I  tc’t’ I I l~ t L . \\ hen

this is k) ne ’ , the i’e l a t i y e -  timing of the d a t a  I t e t w e c - t i  t :o-L- - t I t  - e - p r o i l t n - i t i~ the -  t a l u .

~a r t i ( -u l a  l’l \ it it is l ’epro ( lu(- e( i oil a m a c h i n e ’  d i f F e rent  I r o i n  the -  one- ii v~ ti le Ii it e~ t —

reco r (Ie ( I , is not suUicientlv :iceti i’atc to a l l o w  t’ c — : i l i g t i i i i e t i t ( ( I  t I i t  d a l : t  i n  a pa

t o — s e r i a l  co nvc’ L ’te’ i ’  (P  ~~~) cli re ( ’t l\ . t his t - c’ l :i t i vt t i m i n g  c r - r o t -  ma~ t -  :t~ n : i i i ’

to I t O )  b i t s , or even nio Cc , depend ing  on the  i t a e k i  h g  tI~’n~ i I~ ~ e I  in c h nil -:u P t i : t c i~ ,

and the  St~1li (’ and dy n a m i c  s L - ~ of the  s~ s t e i n .  t h e  s t a t i c  a n d  dy n a m o -  SLC \\ I c -p ( -n ( k

in  t u r n  on th e  hea ( I  c on s t r u e - l i on , the  t l ( ( ii racy of t h e  t a p e  g i t i t l i n g  ~ 11 ( 11 l f l

is  o l t em  lim ited l e t  the  — littit i g tolcnanct- (41 th e tape dun  ng i t s  tii t i i i i f a & t i i  r i i i ~ \ t ie ,

i i d on a t ~~ va r i a t i o n s  it ) etc-c t  t’nfli( ’ l l ay s  that n igh t  Oc(’tl r on t i c  v: l i n u s t t~ u L ~ t ’ t

L - —5--- -- -—- - — —  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ _______ -~~~~~



different  machines.  These are gene rally negligible compared to the previously m e n—
tioneel causes . Some method must therefo re be devised to re—align the data on the
va rious t ra cks p rior to an ~ t)a r~ul l e l — t ~ —s er t a l  conversion , i. e. some means of des—

kewi ng the data must be u sed . t h e  method used on our feasibilit model has l)dert

used successtullv for  ove r- 5 yea rs , on various systems supp lied by A mp e x .

In order to deskew the data , there must be some i nfo rmation recorded on the taI~e
that can he used as a reference to determine precisely how the data should he re-
aligned . Thi s is accomplished by f raming the data b~ i nserting a sync wo rd into each
channel . The method of sync insertion used can best he desc ribed t )v ret erene e 1(4

Fig. 7.

This figure i l lustrates the process for a condition where 5 data  channels  ai’e used ,

but can he extended to any n u m b e r  of data channels desi red . The sync word used is
16 bits in length . In the figu re the data are arbi t rar i ly  blocked into 1 ( 1— b i t  \VOI’ ( i

lengths as they enter the record er sy stem. The sync word is d is t r ibuted  to all chan -
nels as shown in the f igure.  Each time a sync word is inserted in a pa r t icu la r  chan-

nel , it is substituted for the d a t a  that were present on tha t  channel . The data , in tu rn ,

are tempo rarily sto reel in the master channel . This process is continued as shown
in the diag ram until each channel , including the master channel , contains ui sync

wo rd every 256 bits.

Once the sync wo rd has been inserted into the data streams in the flanne l’ Shown

in Fig. 7 , it is possible , on repro ducing the tape , to hold this i n fo r m a t ion  in storage
buffers (one for’ c-ac-h track) to re—ali gn the data to thei r time—relation prior’ to recor-

ding and to release them simul taneously  under control of an output clock conlilion to
all channels.  In the feasib iUtv model , the clock used for this pu rpose is gene rated
l)V the hit synchronizer  used on tile master  channel.  ‘l’his is accomplished in the
following manner:

Fig. M is a simplified schematic of the deskew logic , showing the master  channel
and a single slave channel . (The data channels are referred to as slave channels

since the outputs of these channels are controlled by the master channel clock.

Each channel in the system contains a sync detector ’ used to detect the sync word
that has been inserted into the data stream , a preset table binar y counter used to
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H
gene rate proper gati ng info rmation relative to the sync wo rd on each channel , and

tour (34—bi t shift registers to provide the necessary storage to deskew the data . .\

maxi m u m  capacity of 64 bits has been found adequate for our systems. ) In all chan-

nels , the da ta are presented to the input of all four shift registers simultaneously.

The specific data that get clocked into , or out of , any given shif t regis te r are con-

trolled by the gating of the various clocks in the system. In the master channel , this

gating is such that the clock generated by the bit synchro nizer on the maste r’ d- llat lt lel

the maste r channel clock) clocks the data in such a manner that 64 hits enter  registe r’

A , the next 64 enter registe r B , the next ente r C and the next enter I). The i)~’oe~ -~~
is then continued with the next 64 bits entering A , the next B , etc. Thus the data ar e

bc-ing clocked into each registe r , one register at a t ime.

In the master channel , the gating is such as to clock data out of (‘ while  they: are

being clocked into A , out of D while into B, out of A while into C , and out of B while

in to D. Thus , the data on the master channel are delayed precisely 125 bits at  all

t imes  (the clock derived from the master channel data is used for all clocki ng in the

ni a ste i’ channel).

In the  slave channels , the process is identical , but all input clocking is clone by

the  cloc k generated by the hit synchronizer used on the pa r t icu lar  sla\ -e t rack.  This

~- lncL contro ls  the gates and the counter associated with that pa r t i cu la r  t r ack .  -\ ll

ou tput c- locking on the slave channels is (lone by the master  channel clock and the
gates c-o nt rolled let - the counter on the maste r track.

S \ t l ( ’  ~vonl use(l on each t rack  is used to preset the counte r’ oii tha t  pa rt icu la r

1 t a c k  w h o - h , in  t u rn , t imes the necessa ry clock gates fo r’ clocking the  data i nto the

shi  ft rc -gisters . i’hc en rre (-t location of any individual  hit relat i  ye  to the  sv nc We i’d
is es ta l ii s hc-d let knowledge of the met hod of snc insertion used . 1h i s  i nt o  i ’mal ion
is use d I tv the counters  and associated logic- d-i i’ct i i t  i’ on c-ac-li I rae- k ill such a m a n n e r

is to pt’o v i t i e  an e x a c t  12s bit delay on all t racks  in the abscncd ’ ( ii  sk e w .

Si tl( ’e t Il e mas  k-i’ c - hann c - l  g : t  ti rig and d oe- k is used to clock out a l l  t racks , any  s Lc- w

iii  t h e  sy s tem w i l l  cause  de lay  in the  s lavi -  c h a n n e l  to \-a ri a rOund (lu. nominal I ~~
— bi ts

an a mon u t  equal to the  r’c’lati ye il~ ffe i’ential ti r i l ing  l ) CtWde ’t i  t he  s l a v e  :i rid the m a s t  c i .

t h e  ci r’cuit , i s  lcsc ii bed , is capable (41 ha ndling d y n a m i c  plus static ske w ot up to

plus or’ nuint is 64 bits.

2S 
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It should i)e no te(i that this method of dc-skewing t v -s t i l t s  in removing a l l  re la t i ve
t iming erro rs l)etwec-n tIu.- cia to t racks  and the mast( ’ r t rac- k , ht tt  does not remove any
ti tiling pei’tu ebati ot i s  (in the tii:tster track cattscd by tiniebase er ro r  or f lu t ter  in the
l’ec() r (leL ’ . It si nip lv :u ssi i  res that  all  t racks remain synch notions with the master  chan-
nel clock even in the p resence of ti mclxi se instabilit y c an sc- il Ii  f lu t ter  on the nlaste 1’
track. The d i sadvantage  of th i s  a r i ’angcn-ient is di sc -u ss -d iti Section :~ - -

In ad dition to ( leSL e\Vi ng the data in  the manner ’  just  dc-se ribed , th e ’ dc-skew c-I c-c—

t ronics returns the da ta tempo ra ri lv sto red on the mas te r  t rack (In l’ing the sync inser-
tion process, back to thei r respective or ig ina l  slave’ channels .  Thus the ou tpu t  of th d ’
dieskew electronics consists of 5 t ines c o n t a i n i n g  da ta id et i t i cal  to the data pres ented
at the inpu t to the sync inser ter  (assuming no hit ei’i’ot - s  I

Also containecl within the deskew ci rcuitry but not shown on the s imp lif ied sche-
matic , are the necessari- ci rcuits to reduce the probabi l i t y  of the sync dc-teete r ’ i t i d i —
eati ng the presence of a sync wo rd erroneously because it happened to appear in the
data. Thi s is accomplished by means of a gating svsteni which I) rO\ides a window fo r -
the sync detector . Once a sync wo rd is detected , this window is closed unt i l  I hits
prio r to the time the next sync word is expected . In this manne r , should the data
happen to contain 16—bit sequences identical to that used in the sync wo rd , the sync
detecto r will igno re it.

If , by chance , the fi rs t sync word detected is false , i . e .  it  is actual ly  a 16 b it data
sequence identical with the sync wo rd , the window will close and miss the actual sync
word . However , dur ing  the next 256 hit frame , the data will , in all probability .

cha nge , and the sync detector will  detect a d i f fe ren t  16 hit squence. When this hap—
pens , the window will open and all çlata will  be passedl through It once mo re unti l  it
detec ts a proper sync word which will  then lock up the system .

The metho d used for sync insertion and deskewing is such that no p reamble is re-
quired on the tape: the recorder may he sta rted anyw he re in a reel of tape and the
system will lock tip and deskew the data properly .

The choice of buffe r size which would accommodate plus or ’ minus 64 bits of st at i ( -

plus dynamic skew was based on measu rements of actual  skew on a one inch machi tie
some years ago when packing densities were lower tha n those cu rrently bei n g it -u vcst i-
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gated. With the higher packing densities and the wider tape being conside red, the size

of the buffe rs will probably need to be inc reased if full consideration is to be given to
the problems of machine—to—machine compatibility , particularly between the airbo rne

recorder and a ground based reproducer which mig ht emp loy differe nt tape pa th topolo-
gies. In anticipation of this expectation , Ampex has currently under desig n a deskew
system capable of handling larger amounts of skew .

In addition , the new deskew electro nics will be able to provide for full timebase
correction and will thus eliminate pro blems caused b~- residual clock timehase insta-
bilities on the master channel. The p rog ra m scope did not allow for inco rpo ration
of this new deskew system into the feasibility model .

3. 8 Serial—to—Pa rallel and Parallel-to-Serial Converters

The Serial-to—Pa rallel Converter (S/P is conventional in design and need not he dis—
cussed here.

The Pa ral le l—to —Serial  Converter (P/S) deserves discussion only in that it may be
a pa rtial cont nihuto r to tile measu red BER , to explain the reasons for this conclusion ,
and to propose a solution to this problem. A simplified schematic of the P/s is shown
in i- ’ig. 9. The most cri t ical  po rt ion of the ci rcuit is related to the development of the
hi gh—frequenc y clock. In the design , as implemented , thi s hi gh—frequenc y clock is
de veloped I ~v multi  plvi tig t u e  ma ste i’ channel cloc k f req u encs- by a fac tor  of five by
means  of a ph a se—lo ck  loop. (The fr e ’qu encv —ni u l t i p lving factor  is dlete rmined by the
nu t i the r  of pa rat let c h a n n e l s  pe i’ 5 c- nial outpu t char lnel . )

t ile tiOistei’ (ii :itiiie ’l clock contains ti niebase ermi’s caused iet Elutte r i n  the recorder.
It is i rnpo r’tant t ha t  t he- hi t  5\ tie-ti  mii i ze r~ should follow this  f l u t t e r  to p i’event (lete rio ra—
tioil of the- basic hit detection ~i t’0ttss . in so (IOi rig. the fr equcne  modulat ion of the (Ia—
Ia , caused by thc f l u t t er , is tra .sI erred (ii re-ctly to frequency modulation of the cloc k
(iev(.-lopc- (I by the i)l t syn c h r o n i z e  r’. Thu s one can consider the master  channel clock
as a frequet lc v modu lat e-i  I squa u’e wave .  The m u l t i p l i c a t i o n  of a fr cqtt  encv Illodulated
wavefo rm by a pha se- —loe - i~ loot) on’ by any othe- t’ t i l e -a i l s  ( results  in a iiiul tiplicatioti
of the ’ modula t ion  index b the - sariic facto r’. That  is , it mul t ip l ies  the deg I’d ’  of niodu—

lation.
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In the time domain tile I)roblenl may i)e (Ic-sc rli)e(l as follows: If the jitter, i.e . the

timehase erro r , on the master  clock is o tic microsecond , priol ’ to multiplication by

five , it will still i)e one tilic rosec-c)tliI a f t e r ’ i nu l t ip l ica t io t i .  Howeve r , if the period of
the clock is ten mit- rosec-oni ls l)1’l O !~ to m t t l t i i ) l i c a t i o t l  i )V five , the j i t ter  will  be 10 of
the clock pe flo(i h)l’iOi ’ to mul t ip l ic a t iO u l  a ml 1) ol (lie clock pc i’lo( l a f t e r  mul  t ip l i ca—
tion. Such au inc rease it i  j i t t e r ’  as a h~c- 

t x e nt age  of t ile clock frequency can he delete—
riouS to the recloeki rig of the da t a  at t h e  out  put 4 ) 1  t he  svst cr i i  and c-ari se hi I erro r’s -

A n alte tiia t i ve  a h ) h ) roae - l i  \V hi e- hi c-li n i  on Ic-s th is  pr ihI 1-ill i s  Id ) ii se a s table  hig h—
frequenc- v clock . ile nved i t ~) i l l  :1 ( i \ s t a l  lo t’ e \ a  t o p Ic - . ail ( l  to divide it  to )t ’d)Vl dc th e-

l ow—frequency  cloc k . \\ he- n t h i s  is done- , t h e  p t’o 1 ) l em of I l u t t e - i ’  n u t  Ii p l i e a t i o u i  i s —

appears . E n o t-iler’ to (I)) t h i s , ho\ \ d-vc - t , (lie- P r o l d e i l l  Flow h cc- o t i iy s  one of po . vi d i n - ~ t h c

prope r pllase i’e-lat ion~4I)ip l)etw e-etl the  l o \ v — f r e (ue -nc \  cloc k developed i n  th i s  I l l f ln i le- i ~

an d the data from tape - hi s ca ti l ie : i ( - ( - om l di  s lic i I b~’ t i m e 1  )a 51 ( (I I’ red’ ti rig t h e  s 1cm .

Such Ii mehase- djd) erec tion is Fe- a sjl Ic and I) re-a I I ids of such s~ s te - i l l s  ha ye  been Ic ’ —

veloped a t  A iii pex i n (Iepen (hen I of thi i e-o it i a )  -l - I kiwe-ve- i , th e  development  of the-

Ii mebas c- correcto r’ was not -on ip let e -  I soon e nou g h b r  i nclusioii in the  t e a s  i 1)11 itv

ha nh\-a re.

lii til e fu tu re , and pa rti cularl y w h e- t e - it v ill he- n e c e s s a ry  t h a t  t he  i a t i o  of th e - h i g h —

frequency cloc k to the low—I u’equi e - i n \ cl~~ -k I i t-  iii_di , e. g . I i  I , t lie u se -  of scic ii a

ti nlehase corrected syste m ~ i ll e- h it ii i ll at e - th e- n ( - I  t o t  ( - l ock  m u l t i p l i ca t io n an d its

i nhe  rent weakn e ss .

3. 9 l ape I i’anspol’t s

‘t Ile tape I t’~lfl~ I i’ts fri m u  shed by A flii)CX cisc- il tot’ the 1easibi  h i t~ stud s- ori gi n a l ly

A fll~ CX Model I- R — ~~0fln I \V e ie i t i i  t i a  hi \ desigi le( l  fo r’ o l l e — i I l ( - h  \Vidc tape , and a zero
loop tape topology I”ig - l I l a ) - In a (liii tio ii 1)) t l iO ( i i  lvi rig t li en i for two—i ne h wide  tape .

the y were  m O ( i ih i (_ -( I  to i’ep l:uc e t h e  i. e’i’() loot) w i t h  the  ha tes  t ii i- i ye- S\ s t e  ni a vai in ble at

~-\ nlpex , known as t he  Acctt— h oop 1 l-’i g . I Oi l (  - i h i  s d t ’i \c sy s t e m  t e s u i l t s  it i  e x c e l l en t

tape handling , low beach wea r and, in a(i(l itiotl , a l l  o’i’ s fo r’ tiiou n t i  ng th e  p re—a :np l i f ie  u’s

di rectlv I)chind the re-p ro (lttc-e head .  It is cu i’re-ntlv ci se-(I on the  I-’ l~— ( 1 ( 1 ( 1  1 ma o~ po i’t

the nios t u’ed-ent Inho t’:i to I’\ i n s t  rum enta t ion  reed) r(Ic r developed l)v A nipex

So nic d i f f i c u l t i e s  We me encout lte r’e(i c-a n v  in tIle prog ram with t u e  ( i I ) 5 1 1 f l  110( 1 i’e-eI

scrvos avai lable  on the n iac ’hine when tIle svsten i  ~c as r eqt t i  red to oix rat e- wi thi ~—it ie ii
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wide tape, but these were overcome throug h modification of the servos. Similarly,
some problems involved the design of a vacuum chamber ulti mately suita ble for two-
inch wide tape. In any final system , the transpo rt used would be one designed ini tially
to handle two—inch wide tape and these problems wculd not occur.

3. 10 Heads

The heads used on the system were two inches wide and incorporated the full set
of 64 tracks , as they would in the final system (32 tracks per stack , inte rlaced format).
Since the standard drawings for 32 track heads per inc h existed and define track width ,
spacing , manufactu ring techniques , etc., these two-inch heads are not signi ficantl y
diffe rent from those built in the past , for one-inc h wide tape. These drawings were
marked up and delivered to our manufactu ri ng facilities . The heads thus represent a
quality commensurate with that which would be achieved in standard production today
as opposed to that which mig ht l)e achieved in a developmental labo rato ry . It was felt
that this was important in order to assure that  data taken duri ng the study be as close
as possible to those which might l)e achievable with  production heads.

3.11 Tape

Two—inch wide tape was used dur ing  (lie cou rse of the studs- . For high—density
digital  recording app lications , one of the be st tapes ay a i l a l ) l e  is Ampe x 799 . Thi s
tape is pre—testeci for  dropouts , but only in tIle one—inc h wide fo rmat .  For this pro-
gram , two inch wide Ampex 799 tape was  special ly manufac tu red . l’he indus t ry  stan—
oiani s for hig h resolution wideban d tape allow an ave- rage of ten IO—n licr osecond dro p-
outs per t rack in every 100 ft .  segment of tape . i d )  r’ 799 tape , the  Ampex standa ret
for average d ropout count is r’ed uce-d to one in a 11( 0 ft . segment wi th  an allowable
du ratio n of only one microsecond . Every single reel of 799 is tested f ro m end —t o—end.

Eve ry o ther  trac k ( I - I  t r a c k s )  of a 2~ 
( rae-k e -on t ig u r - a t i o t l . otie inc’il wide , is te sted .

It must  be emphat ic-al  lv s t a ted , howev e-r , t ha t  c-v t -n t h i s  q u a l i  Iv s t a n d a r d  does not pro-

vide protection agains t  si gni f i can t  numbe u-s ot n n t l t i — b i t  tape ui ro p ot t t s , when the tape

is used in a hig h hi t—densi t y applicat ion.  (‘ur’ rent lv  no t e s t  sy s t em is a v a i l a b l e  for

two—inch wide tape to assure 799 qu a l i~ ’ . To pt ~i~ ide a hi g h probability of obtaining

suitable tape for this prog ra m , two—Inch width  tape \~as cut  fro m va rious webs , along
with one-inch tape cut f rom the same webs . ‘I’he two—inch tape eventually supplied
came fro m webs where the one-Inch tape supplied fro m the same web met the speeifi-
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cat ion for 799. Even with thi s precaution , some of the two—inch tape received showed
a large number of dro pouts onc e the system was operating in its final confi guration.
How ever , thi s tape was used a great deal in establi shing system operation and was

probably damaged by poor tape handli ng of the transp ort earl y in the program when
tape handli ng was still a problem.

Use of this poor tape proved useful in uncoveri ng variations in bit erro r rate as a
fu nc tion of syste m configuration and test methods , however , (see Parts 7 .0  and 8 . 0

of this rep ort ) good tape was used for all final testing.
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4.0  CODE SELECTION

One of the most important  factors in successfully developing a system with low
BER at packi ng densities commensurate with reasonable reco rd times , is the selec-

tion of a suitable channel code. The incoming data are vi rtually always presented in
the form of an N R Z - L  code with a synchronous clock. Because of the dc content that
can exist in this code , depending on the pattern of ‘ ones ” and zeroes ” pre sen ted to

the particular track , and because the basic reproduce process inherentl y lacks the
capability of recovering cli’ fro m the tape , it is necessary to encode the data in some —

fo rm of cha nnel code I)rio r to recording. The prinl a ry pu rpose for such encoding is

to reduce or cu m u l a t e  the need for dc response in the reco rder. A secondary pu rpose

is to pro vide suff ic ient  t r an s i  tiou l densities in the data s tream to allow clock i’ecover\
by means of a ph ase—lock loop. -\s a result of pi- eyiouS s t u d i e s  I Ref:  2) which c on s i s —

ted c)t eOnlpari tig t u e various codes avai lable  at the p i e - sen t  t ime , we se lec ted  the

recentlv—d ey e lop ed -\mpex— pr o p rietary ~ct —code.

The M 2— cod e desc ri bed in A ppet id ix l( of th is  r- epo rt . is a niocl i f icat ion of (lie ~1 il l e r

Code such as to nlake the co(lc (Id ’ t ree - ‘i his resul ts  i ti a code that  is vi r tua l lv  fr -ce

o f pat tern sensi t iv i t y .  I- ’i gu res 11 , 12 , a mh 13 i l l u s t r a t e  tIl e (leg r et’ of i m p r o v e m e n t

1x)ssible when us in g  t llis code at hig h pae-kit ig dens i t ies  as conipa med to 01 he r  code- s -

T he significance of these plots is dc-sc ri i)e(l in (lie ilext pa u-ag ma ph . - \ fu l l  c- i’ di s e t i s—

sion of compa rative code pc-rfo rm an  ( 15 is found in Ref. 2 .

-1. 1 Record Margin

The concept of reco [‘(I iiia rgit l is as fol lows:  It is kul o\v n tha t  (lie bit erro t- rate wil l

suffer ’  if  the signal— to—noise r’a(io of the svs tern is (leg r aded. A si milk- ill -t hod ot de- —

g rading this ratio is to r’eco rd til e signal at a lower’ le -~’el - t he’ t’ecu t-d h -ye- I is the- me’—

fore reduced and the gain of the- reproduce a m p l i f i e r  inc i’eased to gi\’e’ the saf l ic  u l o f l u i —

nal output as prior to reducti on in reco ret level.  t h e  r ,-s ul Ii ng me-ductio n in s ig ti l l  I—to —

noi5C ratio at tile outpu t of tile svstenl  \vllich results in a gi\ -en ni: ii is c-n ile -ui (lie re-

co rd margin for that 1ii- ~R.

I si ng this  concept , it is possi I d e  to coflhh)li me two Co(le-S :111(1 Si 1111’ t 11111 In t’ a des i red

HER the -o he- at lowing the g mt-a tei’ reco rd ma mgi n is su pc-rio r’ b\ a u- c-Ill Ii VC It rnou u it

e-xh)r’(-sse (l ~fl (he-C- I)el 5. ihe limitations of thi s m e thod a me di s -uissed i ul (leIlti I in  Ref. 2.
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Si nc-c ill- II is Ii iii ne tin n ot the I)atte r’ti r e t - C)  t’(le(l in patte- mn sen sitive c i i i  i c’s , i t  is
possji)le to measure the deg r’ee of pat ter ti  s e n s i t i v i ty  of a (-0( 11- in a s i m i l a r  manne r.

Figures 11 , 12 , and 1:3 are results of t e s t s  ti f  t h i s  type fo r’ th re-c- d i f f e ren t  c - o d e s .

The codes used were Miller , M , and MN RZ. \ IN  lIZ is a modified fo rm of N R Z
wherei n the encoding process consists of inse- rti tig an eighth bit for eve- r-~ seven data

i) it S with the inserted bit being the logical complemen t  of the- seventh  h i t .  Thi s t c ch—
nique assu res that there is at least one t ra n sition eve- mv eight h u t s .  E)eta ils of the c-ni l e -

are desc ribed in Ref. 2.

All data used in the plo ts shown were obtained on a one—inch 14 t rack 5 stem i t

30 in/s and a packing density of 30 Kb in. Six diffe rent test patterns were u se- i l .
The details of the test patterns and riieasurement te-cl lniqu es a l - c- cove red in Re- I . 2
and are pa rtially described i n Pa rt ~.0 and .-\ppendix A of this report.

The plots show clea rly two significant facto rs . The fi rst is that  the MN R Z  c-ode is
pattern sensitive . This can be seen by vir tue of the fact that for a HER of 10~~ t ue

record ma rgin is hig hly dependent on the pattern used for testing . The second is that

for the worst—case pattern and an error rate of i0~~ the r~i code i s about 1 d13 su pe-

rior to the Mille r code. The one dB differential between the Miller code and the ‘il~
code may at fi rst not seem like a meaningful achievement , but it does , in fact , rep-

resent an order of magnitude difference in BER. Furthermore , additional tests on

this one—inch machine show that at a slig htly higher packing densit~ (40 Nh ‘in~ the
worst—case reco rd margin for M 2 was approximately 3 dB for a bit error rate of
10~~, whereas for these patterns , neither Miller code nor the MNRZ code \‘~-ere able
to recover these patterns with an er ror rate of better than 10

_ i
.

To illustrate the effec tiveness of a dc free code such as ru I in el iminating base-
line drift due to lac k of dc response in the i)asic reproduce process , Fig. 14 shows

oscilloscope photos of the envelope of the data at the outpu t of the direct reproduce

amp lifier (prior to use of “dc restoration ”) for the th ree codes at 30 Nh/in for the
worst—case pattern.

4. 2 Selection of M2 Code

Because of the measured superi o rity of the M
2 
code over the other’ codes cu r’i’cntly

40

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --‘-‘-~~~
-
~~~~~~~~~~~~~~~~~~~ - - -  -~~~~-- - - -  —-~~~ -~~~~~~~-~~~~~~ - -- — —---



- ~~~~~~~~ - - - - — — - —5 -  -~~~~~---— - - --- - - —  -- -~~~~5- “-— —

_ 

-

1~~~~~~~~~~~~~

-~~~ 
- I

II :

!

N

/

11



-— —--~~———--- -—- — -  ~~~~~~~~ ‘ r - ~~ ‘ 5- 
~~~~~~~~~~~~~~~~

available , i t was chosen as the channel code for use on this program. Differentials

between the BER achieved on this progra m and the BER achieved on the one inch

machine used in Ref. 2. are discus sed in section 8.0 of thi s report and are not attri —
hiutecl to the choice of code.
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5.0 PROBLEMS

In addition to those problems covered in particular sections of this report , e.g.

reproduce amplifier bandwidth (section 3.5), it is necessary to examine those prob-.

lems which prec luded the packing density from exceeding 30 Nb/in and to review why

the BER ultimately measured did not quite reach the ta rget goal of io
_ 6

.

5.1 Original Plan

We originally planned to test the systems at 4 Mb/s per-trac k hi t— rate and with a

64—track head which would support a through—put rate of 240 Mb/s on 60 trac ks leak’—

ing 4 tracks for overhead to be used for deskewi ng . At 120 in/S th e resul ting lineal

packi ng density would then he 33.3 Kb/in (see Fig. 2.1). This was not accomp lished

and the packing density had to be lowered to 30 Kb/in for reasons , some of which

have al ready been discussed . There are othe r reasons wo rthy o f considera tion , how-

ever.

5. 2 Reasons for Measured BER at :10 Kb/in “ t rack

Figu re 3.11 shows that at 30 Nb ,~in  th e  reco rd marg in  for a H ER of ~~~~~~~~~ is about

S dB . Iloweve r , these results we re- ohta i ned on :t machine with a 14—track , one—inc Ii

head , i. c. with a track width of 0. 050 inch . The tra -k width for the ’ two—it -r e -h , ~ l—

track system used for the planned 2 Ia ~l l i  s prog ram s hould be a lx ut 0. 020 i n .

Measurements showed the actual  t r ack  width to be- only 0 . 01 4 i t - n due to j ru rope t

alignment of the two halve- s of the  fer r i t e  co re , ~ he- re the ga~i of t he head is f o r m e d .

If it is assumed that the pre —a mph fic r’ is +e n e d  a t d  nei l  he-c it tin r the- real pa ri

of the head impedance contr ibute s  noise to t he- system. t Ine - loss in  s i g n a l — t o — n o i s e

rati o (in decibels) due to track width r’eductiotu is i~iven by t l i t -  (~xpr ( ’ S S l I  I l l  I i i  1+ I

wh i er ’e R is the ratio of the ’ t t’ae -I~ widths. In this ease- t h u  t’ u s r i l t : t t i t  I~ I ( - i \ \  eeil t h e

one—inch  mac h inc  an d (li e two—inc- hi nlac’hi nt- shot i Id h ay t -  I e - t  : t h K wt S dl  - A n  i i  Ii —

t ional reduct ion i n cffec-tive t rack Wi ( lt hl ~~il I occu t’ if the i l  ~)ye— m ( - n t io n e - i  I en c-I .

n-ri salignmcnt exists on lx tli t h e rcco rd head and the- rep mo (lu (-e hc-a I ,  I +u t l + i i  — h o t .

match  in fx)si t ion.  The t’e-sult ~vi ll be mist  i ’acking . I t ’ it is a ssu med t h a t  ill of tht -

noise in the svste- m is gene r ’atc-d Iu ~’ t he  the rn-rn I noise in  the bead in  ~
- i i  i i i  h in ;t  lion ~v i th

the noise in the p re—an’npli fi or , the loss would I a- 10 ii I I .  In  ac tua l  p m a c - t ic - c - , t he  t in i  se
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gene r’atecl by the head i tself vari es as a function of f requenc y .  In some pa rts of the
spectru nl the tape noise (pa rt iculate h -noise ) dominates , whiercas in o ther  pa rts , el ec-

tronic noise (including thermal noise of the head) d on - m ates.

Furthermo re , er rors  are caused by a en minbat ion  of noise ’ and inters~-n ih o l—i n te r—

fe t’ence. Inte rsvi’n bo l—interf cr ence , i n  tu rt i , is caused b - u  lack of hi g h— e- nd—fre—
qttencv response. The two—inch sy stem lacked t h e  n iccc-ssarv high—end response rel-
a tiv e- to the one— i nc h sy stem fo i’ two reasons : Fi rs t , t h e  ba nd w idth  of the e’epi ’ocluce
anip l i f ier  was insuff icient  as was previousl~- discussed , See . i .  5)  and second , ti - re
sho mt—wavelength response on the- two —inc h head was sli g ht l y  lowet’ than tha t  achieve d

on the  on e—i n ch head , due to t u u a n t n f a c t u r i n g  tolerances - I-’u i ’ thermo re  , a reduction

in sho r t—wavelengtl l  l’esponse- c’auses both dcc reased S ~ a 11(1 iri c- c-ca sc- d iu h as  e disto r—

tio rn due to the difference i tu equa l iza t ion  requt red . Phi:n Se di s to r t ion , in -n tu r ’n , causes
an in c c-ease in in t e r sv mhx ) l  inte rference. U nfo r tut iate ly , i t  is not pos sible- to id ent i fy

the cause of a givetl  ei’rn r as being ei ther  due to noise ,  cu r- i n t e- i ’ svm lx i l  i tile- c-fe re -nec ,

SI tid e- t he effects a me- additive. It is only I X )  ssi Ide a st ate tha t  the- com lii ne-el ,- f fec ts

of the- na L’rowe’i’ (m e -k  w l i h t h , the l imi t  on frequet ic v i c s t x ~usu 01’ the r epmod uee a mp li—
fi c - c - . and the redu cti onl iii shio i t  ~va vel eni gthu i’e- s~x iise . cou l d  a l l , i in c-n nihi natio n-n i’e(luc- e
lu y a signif icant  amounl t t h e  l’eco n h  ma egi n-n h u t ’  :3 i  Kb  iii at a I~ F U e f  10

1-:xperience in d i c -a t e s  that if a sv st en i  ope r ’at -s w i t h  ze- mo t’ec~d) t’d ma rgi n-n a t  :10 Kb i n

~vit hi a 13 ER of ahu ou t I 0 (which was t h e  case- to r the sy s tem as f i n a l l y  conl igu i’e-d) .

it ’nc’ t ’easing the p acking dens i ty  to :33 Kb ‘in wil l  resu l t  in a deg radat ion of t h e- l iE U by

two order of magnitudes , unl ess the rec-o r’d ma r ginl at tIne lower packing de-nsi tv eat u

he i ri-n hu t ’oV ed by a bout 2 dB.

0th-ne- r di ffe renc’es h)et\v e’ern th e two sy st e -  u s  c o u l d  also acc-ount  l~ i- the- inc rease in

BE U on ti -re two i tic -hi sv s te -rn .  These inc lude :

a )  ‘[‘he one—inch sy stem \~-as tested on a s in g le- t r ’ac- L w i th  one c h a n n e l  of electronics

and thus a vo id S ci c-ct ro nit -s c r’~ ss t a lk  in - n (be- ti-a vs and th roug h-n corn hi-no n- n pow or

supplk- s such as were used in the- tw o—inch sy s tem.

h Low— frequency noise ~-a s a ppa rent in (li e two—i tic -hi feasi i d lity model a net was

att ributed to Sy stem g r ’ouncI loops. .- \ lthoug h sonic imh )rovements  were n iade

during the cou rse of the study , it is felt that further improvements a r’c possible.
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6.0 TEST PLA N

Originally we planned to measure H E R  on serial d ata stream only ,  on three sep-
arate groups of sLx tracks each (five data tracks plus one n-raster track for  deske-w
in each group) .  Du ring the debugging phase of the prog ra m , it was noticed tha t there
appea red to he an excessively large variation in HER as a function of machine eon—
figumati oni  and /o r test equi pn ient.  It was fel t  impo rtant to investigate the cause of

this ob servation and ti -n e test plan  was revised to i nc-lu de BER test ing of individual
ti’~cks huoth with arid wi thout  de-ske-w e-lectron iics as well as of the serial data stream.

Further testing reyealc-eI muc h of thi s differential  was clue to va riations of ti -re type

of test equipm en t and the mode in-n which it was operated . The details and the reasons
for  it are covered in Part 0 of this report.

The test plan which eventual l y  e-volved was -

a) A TI tests ~‘otn Id be mu in with - n the Taut  ron test equi pm eat (discussed in Sec. 5. 2)
since- it  was  the- oti lv e’qui I) n lle- nl t capable of hand l ing  t h e  serial  rate .

Ii) A ll te-sts , e’Xc-ept the- fi nial t e s t S  ( in the  thu-c-c- sub g roup ing of t r acks , would be

d u pl ic a ted in two rlIo (les oh tc-s t c-quip n ’nen lt ope ration -n , on-re known as a ‘‘Low

Ru t’st’’ mode and the other ’ a ‘h i gh  Ru i’st’’ mode. The reasons for this

(iccisiOn will be mcvi cwei I il -n Pa n’ts 7. 0 and ~~ . 0 of t h is repo nt.

c- ) ~-\ 11 tests wotnld be nlade a t  120 in 
- s reco i’d speed on ru ac-hi ne A anid at 120 in  s

and 7—1 2 in - n - ‘ s rep roduce ’ speed on both mae -hi t -re-  -\ and machine 13 . This cx—
pe mi n i -r e t - n t would test for sIow—d o~v n c - a f ) :  n I 4 1 its ’ and niu a c  hi h-re— to— Iliac hi n-ne d ( m pa ti—
h u i l i ty .

dl All tests would be rt nn l usi hu g a 5 1 1— h  ~ I ) se-u ( lo — random sequence- . Although in

some co(les , pa tte - n-ni se-n i siti vi tie- s e x i s t  sac -li is to mak e a Ia n~~e- di f fe ren t i a l  in
lIE R as a [en rnc-tion of ti-re- pa tte nn a se I , p mcli n-dna c-v tests on tI -n j 5 equ i piii en-n t

plu s e xt e - i l s i  ye- t e s t s  oni a p re-v ions h i rug i-a nii Ref 2. revealed tI - r at  the ~I code

disp lay ed neg l ig ih de pat tern  se -ni s i  t i v i  lv - Sd- ( -  Pa n’t -4. 0 of this n-c hi) h’t fo r’ a

revi ew of cod e conipa riSotns.

e) In a ll Ic- s ts all  er’mn’s would be con nlt e- d i ncl u(hi ng a l l  In n n - st e’ r-i’o i’s due to tape

defects. ‘l’his decision was made- since bu i’st e r ’mh- s  iu i a \ ’  be c- a t is e ( ]  by facto n- s

45

- - - - - - - - - - - -~~~~~ --— ——5-~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --



other tha n tape defects (see Part 8. 0 for other causes), and it is not possible
to identif y whether or not a particular bu rst wa s due to a tape defect or one of
these other causes . Th is decisio n is pa rticularly notewo rthy, because it has
become accep ted practice to exclude larg e error bursts from the count , on
the presumption that such bu rsts are due to tape defects , rather than the
recorder/reproducer as such .
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7 .0  TEST RES [LTS

Table 1 is a tabula tion o f t he final data taken on the serial data stream , for three

separate g roups of six tracks each. The mean HER of all of these tests , whc hi in-

cludes all burst erro rs , i s 3 .2  x 10~~ . The track g roupings were chosen in  the fo l-

lowing manner:

G roup iii consisted of tracks 22 , 24 , 29 , 31 , :ls , and 40. These tract - :s wc- n’e

chosen at random and covered aboen t the center ha l f—in - n c - h  of tape. G mup - - I was  tnsc h

for all of the H ER n easurenients of individual  tracks as wel l as for ti-r e f inal  l I E U

measurement on the serial  data stream. The tracks are “paire (I” ( e . g .  22 , 2 ) )  u n  the

same head stack because ti -ne pri nte cl—wi ring boa rds for t i-re p n-c—a n i t u l i  fi ens a r e- loved

out to accommodate  two adjacent tracks per boa rd . Tracks we-re sel ected l i ’otiu hx )til

head stacks to insu re testing of the a biT i ty of the  des hew el e’ct ronic s to ha 11(11 c hi ffc- n’ cn ’n—

t ials in the stack—to—stack spacing , which ~- anies f r o m  machine to mach -n ine .

G roup - 2 consisted of t racks 3 , 7 , :10 , :12 , 57 , an d  59 . Fh i s  g r o u p i n g  was chosen

to de termine ti -re a I ) i l i tv  of the deskew sy stem to i la n (h l e  the 2 — i n c h  w i d t h  of t h u e - he-a d .

‘I’he extreme edge t i-ac-ks were avoided since ii  wa s ft- i t ( h i n t  u s i n g  th -sc- I h ’a hi Slx t’t s -

whic h were not designed spec i f ica l l y  to n’ t w o — inc hl  tape . c-o ust- c l e- c-no n’s di ne- to ed ge-

cia mac, _- to the  to pc. ‘h his p ro h i l en-r i would he a voide- d in a i n n ,- h in c  (k-signed ~i c c i  fi c - a l l y

for two—in c -hi  wide  tape- .

G r’oup 3 cons is te d  of I ma -ks ~~~~~ ;~~5 , :17 . 39 . - h i  - nea l l~~, l u -se  \V ec - e - e hos c t ’i to li e-

a ll  :t I j a d e-n t in t h e  s am c  l ie-a d stac k to dc-t i- n’t u i ne if  t n — anus h i t - n u t - c -  c - u iss t :n l  k i n  ( h - re- he- :u I

\V Ot t h ( l  d e g  ‘ade t 1 e l I I - R .

I t u  : t i h i h i  l i on  I t  - t he -  i c - s  Is on tl ie se r ia l  b a ta  st c-e n n ui - a la n g e  n i l t i l I l e  t ’ oh t e s t s  \ \ e  n _ c- t ie L~—

I o r n i u - t h  l i i :  t h e  i n u h i v i h h i _ i : t l  t n - :a-k s of g n ’ot ih i . _-\s  ~\ a s  s t :n te -d  e a n i i e i . t h is ~ as done- l i i

m v -  . . i i ~~: i h ’  i h n -  reasons I o n ’  t he ’ :nppa re -n t  ~v i i l e -  v a n ’ i : t t i o f l s  i n - n  h li - hL ol i s~ - c - v e - i I  du n -b i g  (hi& ’

oh t h e  s~ ste ni .

I t  i n k - c -  in p I ’ 1 \ 1 I u  a s n U b - i c - o i l y  jfo c- h 1I - h~ In m a k e  t h e - s e -  d i I h - ’ ( - n -es  ( i l i s e c - V a h T ( ’ ,

- i f  L t u i ~ n ii i ) ) )  ( l u au  Iv  ‘~~ is e b o s en  1(1 ihc ~ n’ a ) l (  ove- t ’a l  I I a - I - f l ) n ’ n u u a n o - e ’  I t u t u  t h a t

o l S ) h ’ \ ( - i l  i~~i i ) ~_ ~~ i i i i l  t : t h n - . h i -  II t t - st s haseil on a SI 1—hi t psem1~ ’— l : t n i l i ) n u  Se(~ i R - t l ( e

h’ c -\  e - : n l e d  :n Ii l t t - t ’ entia l ~i n the- n i le-n’ c-i o n- to t \ \ ( i  oc - ih e - n ’ s  c i i  n i i : i i ~ t u i t t n I e . Ic ’~ i - n n h i i - r g  on

- I - - - ‘-5-__ ~~~~~~~- -‘-, ~~ -‘ ~~~~~~~~~ -‘-~~~~~~~~~—--~~~~ ‘~~~~~- 



Speed Transpo rt Group #1 Group ~2 Group --3 - -

120 1 t . 6  x io 6 3.6 x io 6 2.7 x 10~~ -

120 2 1.4 x 1Q~~ 5.1 x iø~~ 2.8 x io
6

7.5 1 3.0 x io 6 5.1 x io
_ G 

4.6 x 10~~ 
-

7.5 2 3 .2 x i0~
6 3.1 x io 6 1.7 x 10~~

Table 1. Bit Error Rate - Serial Stream (Low Burst)
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Low Burst h i g h Burst

Speed ‘l’ ransport  Pass ~1 Pass ~2 Pass ~1 Pass t2

Ic
120 1 6.0 x 10 6 6.4 x IO 6 9 .5  X 10 1 . 3 N 10

120 2 6. 2 x to 6 6. .~ x 10~~ ~~~. 6 x 10~~ ~~ . 7 x 10~~

I,

7 .5  1 1.7 x 10~~ 1.3 x ~~~~

7.5  2 1. 2 x 1 0 5 7 .~~~x 10~~

Table 4. Bit Error Rate — Serial Stream (Poo r Tape) 
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the- nnoc le- oh ape ra t ion n i  t he te-st  eqt iu  I In iehi t  . ]‘he- nesul ti ng da Ia :I t ’ c- ta I InI ated in
tables 2 throughl ‘1 and t he- c-e : I snns  a i’e- ih is c ’u s sea l i h- n Pa c-i ~ - 0 of th i s c-e~io c - I .
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~.0 A N A L Y S E S  OF Ti- S’i’ RESU LTS

The reduction of packing ciensit from 33 Kb/in as a goal to 30 Kb- ’in in pract ice

resulted in a per—track bit rate of 10~ and thus a serial l) it rate p otential  of 10 lower

than the goal of 240 Mb/s if 64 track heads are used. In order  to meet an error rate-

near the goal of 10~~ , thi s reduction appea red to be necessary ,  as discussed in Pa r’t

5. 0 of this report. It is noted that the initial prog ra m goal was l imi ted  to a d en s i t y

between 25 and 28 Kh Y in , however (Sec. 1. 2).

As has been stated earlier , some interest ing insig hts into the probl em of m e a su n ’ —

m u g  h it  erro r rates under  va rious con -rdi t ions were  derived from testing it divi duai

tracks , with poor tape . These tests wei-e initiated as a result of what  was  cons i ch  h ’ e i h

as an un—exp lainabl e wide va riation in data rate as a function of test techniques 1111 t iii’ ,,

the debugging phase of the progranl. One of tIle major ben efits resulting f rom t h e ’

study was a g reater understanding of tb-re effects cif va rious test techniques ( I n  I h - h

perfo rn -nan ce- . It  i s the Pu rpose of this  pa rt of the report to discuss tIne- i lute’ c - — t e l  c i t  I I  i l l —

ship between the va rious met hod s of testi ng anld ti-re n-rca su red erron n-al c-c- .

En sy s tems  ~‘hi c -h a re  h)an (i—limite (i in the sense ti-nat tlle\’ ,-ithe n’ l ack  lI e  h ’ ( S } i (  ( ( ‘4 ’ ~

o r have insuf f ic ien t  high frequcnc - y response to pass di g ital  in to c - t i - r a t i o n  ~v i  i l u o u t  I r i

symbol i n te rfe rence , or suffe r f r o m  botl ’n fa i l ings . the lIE II of te n ( Ie - I ) eI ’n i l s  on (lie ‘ c i

ticula r test patt~~nn used during the measu rement .  ‘I’he- va n ia t io ll of the  i ’  I I ’  I I ’  I J I  I ’  ~

a function of tI -ic pattern chosen to r the’  test is a measu n’e of the  p a t i c - I n  c- ’ l l — I  l i v  ii  \ i i

a given code. The subject  of re la t ive  h)att c ’ n’n sensi t ivi t ies  of v:~ [‘ion — c-odc’s c— :i~~ — N i h  — I

extensive- i ~
- on a pre~ious pro g i-a m (Ref .  2 ) ,  an d is cove’ n_ c-Il i ti 5 ( 11 ) 1111:1  c-v i l l  Ihi i ’  1 - i i

of this repo rt , and ;\ pp c -n -nd ix A .  I-’u n t h e r  de’tnils on t h u i s  su l lied- I  c-a l l  i n-  • i l I :d H - -~ t i -  Ic-

the above cited reference.

The Va c-i a tions  i a BE H ol)se rved dii ring de—laiggi tug c-oul il not  lie a l i i i  1 iI ‘1 - c i ’  pa ~ rn

scnsit iv i t\’  prob lems sine- c thie same patte - rn , nam -lv a i,~i\ ’ en  3 1 1  —hi I p~ i c - i  — I - i 1 i f Iu

sequenc e , was  used fon all tests. I- ve-nu undei- th’~ese con -al i t i o n s . i t  i ,~~- ’ a I  J~~p:I h I - l i t

that extreme- variations of 1IER could he ohiscn—ve ’d as a I n n c - t i o n  oh ’ t in ’  I t — I  • - i ~~’~ i 1)00 111

used on’ the mode in \vhicll this eqni~)ru1 e-nt was ope’n’ate’(I , l i t  x i i h .  I h i ’ c i ’  ~
- ; i  t- iation s

were inv -st iga (0( 1 ( hu c-i ~ig t li COIl c-se of t lii ~ prog u-a in and u -h nh u ill k I i  ‘ 1 I i i l i  I i i  I fl

he- c-c - . I loW I ’v e -  r - , i n on - i k- r to un d e-i - st a ml the  reasons h It-hi nI l  I i c c — i ’  W i  I k- \ :1 1 - i t t  i o n c —

i t  is I 1 e - I ’ l ’ c - - s : I t ’ \  I i i  u I u I e - c - st an ( l  t h e  basic i l e s i g n s  t i se~l it u tb - re-  \ : I  I l i ’ I —  te ’s e’(~ t I i p I 1 1 e I ) t - ~

3:1



\Ve the refo re now tu rn to that subject.

8. 1 Con rnercial Test Equipment

The standa rd measurement  te chnique ensed for BER tests in sy stems of this type
uses a pseeldo— ra ndonlu sedluenc e gen’ne rato r and a receiver/compa ra tor. The genera —
tor generates a pse u clo—r an doi -n sequence consisting of a 511—hit wo rd . The receive- i-
luas provision fo h’ gene rat ing at -n i den t ica l  sequ ence and comparing this sequence on a
bi t—b y—bit  basis wi t h  the- si gnal  recc)vered from the recorded tape . For eac h cc-rot’

that occurs , a pulse is generated and drives a coetnter . In thi s manner  the nu m l x ~r of

Ci’ m rs  occur ring aver  a pe- n-ho I of t im e -  can-n I-ne n-n-nc asu red. F ron-u the know-I edge of tb-re
total  numbe ’ r of l ) i t 5  h’e ’e ’e-i\ - (,- ( I  a n I l  t h e  t-uum b e -  t- of erro rs , the BE R can 1)0 ca leidated -

Sinc ,- i t  is ncee-ssa  n v  to s tie’ h ro riiV e- the sequence generated il-n th e  receic or w i t h  the

(‘0 c-c-es poncli tug s equ ClWd ’ re-do ve- t ’e(l fi-o in tape- , and sit -nc- C t h e n-ni cthod of sv i-nc h I I )  h i I Z  a l ion - n

va c-i es (lep c-t ld i ng on the  tes t  d(IU il )til e -ni t used , or  thue ni’OV h e in  which  th is  equi p i -n i e t - n t  is

ope’ra ted . di i’ 1) 0th - n , t h e ’  :n c i t ia  1 I1l -  U me-asu c-er I m ay  u-a n c -  as a f u n c t i o n  of Ihue se  pci n ’ : I —

nue ’te-rs . For i’e-asotu s n h ie ’h - c i i i  1e  di~ cn ssed , this implies also that t he- flI’ h~ n i t - c l —

sut ’c tb  liv acuc c , civc-ci t est  r I -n C t h o I l  ma y  di f f e r  s i g n i h c ’ an t l v  f ro m t h a t  achi e ’y atI l d- in the
a c t u a l  n i t i  n un It - s \ s l e ’t f l  a p p l i c - a t i o n  -

) t ue of I lie’ t e sl  e - (p , i i  ptlient s 111 >st c’onil mon iv  use- I l  m u  t h e- i ndu st  i-v (‘a c- t l u esc ’  i c c - as h  n c - —
n i e n t s is t h c ’  l ) c t l ; I p t I l s e  ~ l 1 I I l c - 1  21 3 \ .  ‘I’his device can lIe u sed in I ec - ch1a l1~~e - a i I l v  as c - i —
t I l e - I ’  ci ( h : i I : I  ~ eI ie ’ I ’ : t I - i  n - o  a ( l a i d  h ’ c ’ e e i v e h ’  ( I I O 1 V I’a io l ’ . Hue gen e’ t’n t o n ’  COt i5 i ~~I~ i i i  ci

shi li I’ c-i~i s I ( - l ’  w i t h I’e’e-i lhi ae’k tctp s . [p in te’n sI:lL ~es oh t he  n’ c g i s t c t ’  ( ‘an l i e -  u s c - i l , ‘I he ’
i f l i p i d l s  oi i I I \  t \ \ i r c - g i s l e l ’ s  i s  I t - i l  t h  n’oct gh cI n  exc l u s iv e  OR i Y (  I R )  ga te ’  l a d -k  i i  i l - n e  m u —

I I I I t ~ I i i  g e - l i e  I :  N a 31 I — I l i t  i s t-cul o— i - i  Ildotli sI-qi le-ne c’ — i - nit - n e ’ c - c ’L i 51c c-S are h IS cii :11 - nil the-

1) 11 (p11 ts - I !  Ic - ’_~, I 511 - c-s 5 a nd I i  d l  i i ’  c-I l i l t  I i  nc - I l  th  t uu gh  t i e  N ( 1 H ga te -  aci d fed I i :IC ’ k t l )  the
i n p u t i l~el - Ii - ,\ c - i  1) 1 1 11 l i e - I l c — i ’ I l i ’ I  c : i t l l -  ( I t  dl  i~3 — I i j t g e - nc ’  c - c u t ) n ’ whe n l  use—cl in - n t h is niode
is s h u o u c  ii In  l - ’i , 1 - c - I  -

\\ het u uS ( ’ i l as d l  I : t t a  I c -c- I- i c e - c- ‘c - o l i ’ i l I d l l ’ : I t l c n -  t he ’  u n i t  e - o f l s i s t s  i i i  I n  i l h e - n t i c ’ d u l  genc- I’a—
tot . Il sit - r g ti -ne- si l ifi’ f e - e n h b l d l e - L  t a i l s , with Pn’~~i5i0n Ion’ c—h nelul’ - c c i  - ‘ lu g  i t s  scqilene ’ d’ w i t h

th e i n c o m i n g  i I : itci - I t s  S i  n iu p l i i  i i i  s c - he ’n n : i l  1 ’  15 shoW n in l ’ i c ~ - 131 In - n pc -act  i c c -  the ’

( I I I e 1 ’a t o r  h a s  two o p t i o n s  n’e g a u - d i n t ~ I h c -  c i s c  c- i ( l ie  c - u tuc -hro nii:l tion swiiclu slilivi n i t u

l- i gt i n’e i S h i ,
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I

Svn eh ’t c - ot l iz at i on l  is d l c - ( ’ o n i c p ’I l i s l le ( h  i l l  the-  tol  low ing rnan ln ei ’ ’, . \ssu n - n -ne (ha t  t h e r e  are
no c c -w n - s  in  t h e 1tlCOt1 i~ dl~ I ha ta - I iv -losing I he- c’c \ V i  (c li tot ’  the- fin - si cit h-ne h ) i  Is of cia ta

these bi ts  a n’e- f e - I l  1 ri ta the-  s h u t  1- egis te  n .  ‘I ’hi s is equi c- al t -ni t  to ‘ pn - e-se- t (i rig ’ tb -ne s h i f t
reg is I c -c - to a s pc-c l lie c otitei ’it - I f  th ne - su nc’ suil Ic-lu is l10h~’ I ille-rI e-Il . a nu d t I l e  t’e- a I ’ d’ ri O

c c - f l )  n’s in  t lie i c -nc -I m iii h g Se’(Iul en -nc-c- . ( l ie  p a t  t e nti ge-h ue- n’a(e- h I iv I he s h i l t  n’e’gi s t e -n -  I c -a t -n i th in t

lxii  c-n t oti w i l l  bit- t i l t - lu  t i ( ’ c i l  t o  ( lie ’ pa tt e ’ I-n gene  i-ct I i-cl in - n ( lie- ( in (a ge-tie n-c l to h ’ a n - ni h  re -cove n c-Il
from (alit’ , liv d (ihii h )il i i  Fig I lii s pat  te- n - ti  to the pa ( ie - r ri I n’( I m in h ) e ’ u si rig N ( )R 2 . the- mu t—
put  of X( )R 2 ic - i l l  i t ’  a logical  - / e i’O ’’ if c - to c- n’ c-a n’s ac t - t i  t ’ . l” I i  I’ eac h i i i  t e- c - t i  i t ’  t h a t
oc -ct t rs , (l ie ’ ou tpu t at  N (  )R ~2 c c i i i  e l i an ig c  to :1 log ic -a l  ‘‘ Olie ’ ’’ an - n d thu e se-  c -Im ages cal -n be
c’ oi tn - nt t - ih cc-i t b i  :~n c-Ic- c- I i ’ ( I l i ie ’  c o u n t e r ,  ‘l ’he -n i w i t h  d l  knlocc’le-dge - of the- bit  rate- h ie-ing used
d i n l l  the- c- I’  l ’(Il ’s I I t ’  n - ~ e ’ ( ’ O h l ( l  O h i t ’  C d t  fl c-c l  I c -u n l a  te t he  b it ,-i’ro r rate .

- 2 Seq n elid e SI i Iipdtge-

All o f tI-ne dl hove- re-rn clins t rue so long as the data se-quence f r o m  tape r emains
sync h [‘orion s cci th the d ata ge- ri d,- rated il - n  t i -ne da ta  t’ecei ye- c- compa ratc) n .  l loweve- i- ,

ti -ne c-c is a c-ond ition where th ie svnchr onlous  conditi ei ru can be los t , Lrcow n as sc(~ucnce
slippage- - Th i s  cat -n lie caused by a no n i ib er  of facto h’s . to lie d iscussed la t e - n - . It
happ ,-ns cc-he , in effect  - ofle 0 r i-n-na c-c’ bits a n- c- a(h ded to 01- de-I e’te- d ft - cit - n -n t he  Sequence
(-anling 1w iii (ape . Once sequence’ synch  i ’onizatio n has be-c- n 1(iSt ci c - c- c-v In c-ge niu  ni i  l ie- n’
o f crc-n i’s ic-ill be gene rated. ‘l’he result  is tha t  tb -nest- e c-c- il l’s cciii be’ l’ e- gi  ste 1 e’( I ( in the
eouhn te - t until suc-h ti flue as sequ c-nice sync b’n l’onization is c-e’—c t e-qu i c- c - cl .  In n’ e’— ac ’qui  c-c-
sc’nc- h roh l i za t ion  i t  is necessa ru to close (he ’ 5\ hid ’ sic i t(’li ill I- i g - 1 511 Id) I’ dl 1) ei’iod iii

ti hilt ’  e’qiucil to at l eas t  I -nit -re - l ) j t S  . \\ I -ne-ti [lie- a so c-i rig 111-211 on ci c ’i \ S i c ’ l l i  i is i  I’ng a dcl ( d l

gene n’ ct to e’ and receive i’ coml)a i - a l an -  in  th i s  i i iol i c -  . t i -re-  h - nh l i i l  I mer (ml C’ t ’h’ ()  [‘5 dice -u f i iuldi t e ’( 1

t i n  (lie- c ’On, l llte ’c- ( l In e IA) s~xiuetl ce slippage- is  dl hl n e t i ( I h i  of ( l ie ’ n ’e ’d l ( ’t ion i  t i n u i c -  ol t h e’ OI) C n-a —

to u’ . i . e . (lie- (i me’ h)et\u’ c-en (lie i t-nstant lie’ [‘c-c-ag nile-s t h at a c- i i j l  has  In h~e’n I l l ac-c - and
(h e ’ I i -n s t : t  I -nt ( l i n t  b -ne h i re-s ses thi e’ sync sc”i te h i . I Ic-cause of liii 5 h il l nuc i n fac- to n’ • c - I n - I c c - s

aecumu 1 at e~l I du ri ng that  lie- l’iO(i 01- Ii l i - n t’ dl c ’c- no I’ t i id l  11 V ig fl () re-cl a t ’n (l nun t i t - n t’ 1w Ie’d in - n hi e-
c a l c u l a t ion ( I t  I I I :  H.

n c i i  te- i-na tic-c to this a I~I~ 
IN)tlChu is to It-ave the sc I-nc SWI t eb i  ( ‘los t - I l  at  a l l  t im e s  -

\\‘hen se( ltI e-nc -e slippage- n e -c -n c-s in (lii 5 I1lO(le ot  open ’ation - I ’e—di( ’( li,I i s i t  11111 IS d i l l  t o n i a ( i  —

t-a ll~- e-stabi is lied because- tb -re data fm iii the ree-o c-d c- c- a c-c- con t inuous  lv fed nbc i he

sh il ’t c - e - g i s t e - n ’ . whic -h  i s  t h u s  in mcf lh ia t e lv  c-c-se-I to maintain synch mcii / at  i c - n i  -
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There are two problems associated uu’i th th is  approach : In the case of isolated

singular e r ro rs, the e r r o r  is properl y detected 1iy NOR 2 , but then the erroneou s

hit passes through the shift registers and two mo re erro rs are counted because the

wro ng info rmhtion is fed back when this bit reaches register ~S and registe r ‘h . Thus

singular errors are registered with a count of 3. The second problem is , ti -nat if then ’c

is a burst of 10 or 20 erro rs without sequence slippage , thec’ cannot lie distinguished

from those erro rs caused by slippage. That is , when used in thi s mode- , cletec tio rn

of sequenc e slippage is not possib le. ‘(‘his is in - npo r t n n u t  si rice ti -n c d etection of sequenuce

slippage often aids one in isolating proh len -n s wi th in  c u given -n sy s tem.

In any case , the error  rate measu red in ti -ne two ( h i f f e c - e n t  modes of operation mac’

be significantly different  d epending OIl (lie mean er ror ’  rate of th e  sy stem and (li t - ~~y~~ —

tern configu ration.

:\ll BE R measurements  n a(lc on this pc-ag i au  anel tabulate d in tables I (h i’ough-r -i

were perfo nllcd ccitt -n a il if fe -ren t type of test equi p ment since ti-ne I) atapuls e 21 :L\ equip—

merit clcc --c- ribedl above is not capable of han d ling t i -ne serial data rates involved.

The test set used on thi s prog ram consis~~d of a ‘l’autro n Iu lo(lel ~i N— 1 Pseudo—

Ra ndoni Generato r and a Tautron Mod el MB— I P(’M Erro r Rate Measuc -en ’u e nu t Sy stem

Receiver. Operation of this equipment is tb -r e same as ti -nat just  descruh cd cc- itt -n regal-Il

to pattern generation a nti e r ror  detection. It d iffers , however , in the manner  in - n cv i iieh

sequence synchronizat ion is established . It does not u t i l ize  a manual  sync sic - itt -hi fon

obtaining sequence sc-nc - . Th ere is , however , i ntert ial  to ti -ne equipmetl t , (h-nt - e - qt i i v a—

lent in the form of an automati c switch. For ini t ia l  synchron iza t ion , the “sv-’itc li ” is

closed. The BER is monitored within ti -nc equiprn e ’nt, in - n additio n to being ( l i s i ) l a \  c-cl

for the ope rator.

‘rhere are two options of ope ration . Onc option is known as tht- “ l o w — Un i’st M ( l I b ( ’

and the other as the “High—Bu n-s t Mod e” . In the “ Low—Bu rst Mode ” , once- sv n c l i i ’ o nu iz n —

(ion has been established , the  ‘‘swi te?i ’’ is opened and the  equ nip tu -nent ope ra tes  i n  fl l u c i a —

ncr identical to that (leSC ri i)ed for th~ I )ata l)u l se tIc -n i I cvi tb -n its suviR-il open. ‘t he- i n - n t  - n’r tc i l

monitoring system then moni tors  the errors and if i t u at lv sin -i t-ng of 10( 1 ( la ta  h i t s , 20 n I

more are in erro r , the system assumes ( i -nat sequenc e- synchron i z a t ion  is  i l i s i . c lass i -

fies thi s as a bin n’st , lig hts an LEt )  indicato n’ on the  fI’ollt pan i c -I to itldid- :ll e- ti - nat ct l l t i n’ c-

llas taken place , and ‘‘ closes ti -n e- switciu ’’ for dl stu f f ic - i  C - l i t  1 e -n g t l u  ol’ t ime ’ t I m  n ’ c - — e- s t a l  I l i  c -h

- )  I
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s~’nchro rnizatjon. It then continues to detec t errors in the no rmal manner.

The second mod e of operation , classified as the “h igh Bu rst Mode ” , is identical
except that the criteri a for a bu rs t erro r (or loss of sequence synchronization) is
20 , 000 bits in erro r out of I00 , 00() bits of data as opposed to 20 out of 100 for the
“ Low—Burst Mode ” . ‘h ’hc desi reel n -n -roche of operation is selectabl e on the fron t  panel
via a toggle switch. F rron-s resulting from sequenc e slippage , can tb -n erefo re var~’
clu ring this “bu i’st’’ h’c as n-nut -I -n as a thousand to one depending on the mode of opera—
tio ci.

‘I h ’nu s , it on -re c-ons ieh e - c-s I m oth - n types nt  test equipment , each cvi th two ni-nodes of ope ra-
t ion , a cu-ide- c- cl n ’ iaU on il - n  nut - a so i’e’d LIE H can i’esul ( d epending on ti -ne actual BER of ti -re
sy stem uncle - c- t e st  cind cvhn ( perc’e-tltage of the - s e ’  e’n’mrs a re  dine to sequence- sli ppage.

-,
~~ :~ l lc-asons I ’i i c -  Se-q tu e-n i c -e -  Slippage ’

i~p to t il is poi tu t  cv i- luai’e c t i s e ’ n s s e - i I  the- i-c- su I ts of seque l-nc -c sli I )h )ag( ’ . l ,e ’t u s  iifliV

t e l  Phi ( I i  th ie can sc- s at  s c,-(~o( ’ ie ’ ‘,‘ sit ppage’: ‘,‘ hen men suring B ER on a single l i -ac k wlit ’ c-c ’
the ’ data h ia c-e - n -not lice- ri f ra n -ned in cmv n-nanne ’n ’ cc’i (hii n ti-nc svste- ilu - the- I I ’ e d l l c -n i i l i a  e-

c-a ris e ’ i i f  se’d~ue ’nce ’ sli ppage is (lie so—c -aI le d bi t—slippa ge - iii tb ie Iii t svne ’~ ron - n i  i en ’ . Hit
si i 1 page- ill thE 5 c-cIsc is dcfi tied as ti -ne s l ippage of the clock gene’ rated hi’ (lie’ \C ( 1 in
t h e  hit scii ~’ h r on i z e r  i-e-latiye to (hue bit  s( [ ’caniu c-at e-c- i tug t i -nc i ij ~ s~ ’nic ht ’on -niz e i -  fro m :,~
(lit’ c-c-co i-tic- t - . ‘t his sli ppage is an in -n teg i-al n u n - n - nhie  r of cvcl c-s of clock. \\ ‘ he-n thu i s

ha l ) I ) t ’I s , OilC 01’ 1110 i’e’ I ) i tS dl i’t~ cf fe-ct ivc- l~’ n ( l ( h e ( i  to (II’ cit-I e ’tC (h fr-nt -ni h u t- c -e ’qu e tnc  e- and

sl’(len e’llc’e’ 5c’nl( ’ h r o h u i z a t i oh l  is lost .  \ l l  iii t svnuc c-hon l i z cc-s uv i l l  s i i ii un - n i le - i’ e’ e c- ta i  n c - t i n—
( hi  t h i n s . Tlij s  t -an hi- c-no sed iw ( b u t ,’ san - n - n e -  pa n - cl ni le -t el ’s cv hi c’hi c,-I ’fe ’e’t 111-211 , i . e. n o i s e ’ ,

a ~)e’ dc - op—outs , i lute r syt ui l  mol inte- c-fe- n - c- n -ne-c- , (I mel id  se e’i’u’o i- , ( - (C .

Math c-t i i a  t i c a l  ana Ic - s e-s 01 Il - n e- p rob l a b i l i t y  of hit  slippage has i)ecn accoi ’ophishet l  by

I l i h l t - I ’ 5  i Re- i . S t.  I l l  lii ( -c _ e n ’ , t b e  n u i n th i c - n i a t i c -a l  t c-e-a(n -nent is ext i’e-mely  compi t’N , and it
i s  l int  u s e lu l  i tu  o h i I : I i n i n g  l i n a c - t i c - a l  r e - s t i l l s  on i-cal ha rdcc-a i’e of (b -nc type used in - n h igh

I l l ’ l I S I i \  i h i i ~i i c i I  i’eeo I ’(h it ’ l g.  l-’on ’  t h i s  r e-ason . tb -n c lie-St ah ) h ) I ’ oac b - n fo n ’ ob taining s ta t i s t ics
c-ni (h(’ pro hi a lni Ii tc - of hi I c- h ipp agc  is thro’,ugbi tIle u se  of me-ri sen c-ewe- fit s  on an actual
I’ c-t ’ I I’ile I’ “ I c -h 001 b u d  ‘ I ’  sc ~ t c- tu i  . II ’ su -h nit-a sin t ’ cu u - n t -nu t s  cl t’ e- Iii lie meatu i  ngfu 1 , tb -ne - v

shun Id i i  - uhot’n i - on ci h a c - ge- n ti  ni imt- n’ i l l  eh nl l n u (- 1  s I tb - cl h g  i c - n b  c-onside n a (io Fl tb - ne ca riatiot s
i n  he ’ cn ( h s  , I h a  l ispo n’t (lii I te ’ c- - I ~d l i  ‘ ku rig dt ’t u sitc’  . e’tuvi rn ) t ’lm t -n l a l  c ’on d i t i o iu s  • tap e-, c - i t  -
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Furthermo re , care must be taken to assure that a sufficient sample size be taken to

result in meaningful statistical results.

Sinc e, at the present time , the marke t requirements are so different from app lica-
tion to application , just  which transport , track density , etc. , should he chosen for
such measurements is open to conjecture , and extensive measurements of this type
could not he take n under this program .

At low packing densities , e .g.  16 Kh ,1in and 14 tracks “in , systems have l)een
delivered which exhibi t ed no hit errors whatever , on any of the 14 tracks , th roughout
the reel of tape. As packing densities and track densities are increased , we would
expect an inc reased probability of hit slippage clue to the same facto rs which cause
an increase in the probability of bit e r ror .

~l. 4 Other Factors Affecting Sequence Synchroniza t io n

Vari a tion in measured BER between testi ng in ti -ne Low—Bu rst Mode anti the h i g h—
Bu rst Mod e on the system as tabu lated in t ahi l es  2 through 4 can now be understood
in the light of the preceding discussions even thoug h they cc-crc l imited to the problem
of sequenc e slippage for  data on a single tc-ac ’k , cu -he re no m u l t i — t r a c k  f r a m ing of data
takes place. Let us now turn  to the problem of othe r [x) t e-n t inl  causes of bu rst errors
anti the size of those bu rsts as a function ti -n e fo rmat of t in,- data as i- c e-n rel ed on tape- .

In many applications the manufac tu rer of the t’eco c-d e’ n’ /repr oduce ’ i- equipnl ent has
no info rmation about ti -nc- d etailed nat ct c-c- of ( i -ne ’ d a t a  e’xcept for ti -nc h i t  rate anci ti -re fact
that the data a ri’ presented in N RZ — 1 , fo i ’nu. I iocve ’v e- n’ , the ’ c-ceo rde n’ is ot -n lv a pa n t  of
a larger S stem an - ni l  t i -ne cit- se c-i p t ion of t h e  f o r m a t  usc’d in th i s  sc-stem is seldoni ava i l —
able to t i l e  n u a l u u f a ( - t u  c-cr. ( ) f t en  ti’~- (lata a n_ c fo rmat ted  to some extent : Data words
are of a sped fi c - length , ci n ub blocks or fr an -nit-s  consi sI of a specific nunube r  of Iiucse
data cvo rds . Ill t in ,- tota l sy s te m , ( i-ne I c-n gths ol’ t i -ne- se cia rds and ft-a rues a i’e’ well

defined and sui ta i ) lc  nuc’ans for oh ta i n i  ng cvo n-t i and ‘on - fr - an - n - ne svn c -h ro n i  zat iot -n a c-c Pro-
vided .

In such cases , i f the ’ data can lit ’ si~n i ta hi c- fo n’ n i a t t e ( h  on ti-re tape, the no iu ht’ c- of
e r ro rs  due- to loss of cc’o rd o h  f n a  nu t- sync - h c-oni za (ion cvi i I i Ic-pt-nd on uc’he c-c- in the ’ uc o c-cl
or f ran -re  the slit) take ’s place.  lo s s  of F I ’ : l I ’ l i ’  on ’ cvo rd syn chn’o n i ,’ c n t i o n u  i n sue- h c- cisc-s
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is equivalent to wha t has been just  described as loss of sequence synchronizat ion.

There is one important diffe rence , b-nowever: If sync informat ion , i s provided in ac ldi—

tion to the data , to make the frames or cc’oicl s , then re—acquistion of f r a m e  or  cu’o r’d

sync takes place automatical ly ,  at the mom ent thi s sync i n f o r m a t i o n  is recognized .

The act ida l number of eri’ors ti -nat cc-ill take place under  such c i rcumstances  depends

on the position in the word or fr -an -n e anti whei’e ti-n c synchroniza t ion  loss occu c -~ i’cla—

tive to the sync info rmatioh -n .

— \s an-n example , let us consider  ti -nc case uc ’hcre no cc’o c-cl sync is used , but a f r ame

sync ’ is availabl e an d ti -nc f r ame  length is 2.56 bits  i n c l u d in u g  a l ( — l j j t  svr~c won-cl in each

t n - an -i-n e .  ,\ s sun-c for the - monic-t l l (1-na t  rio h i  ( ei’ro rs ever- take 1)1 ace in t i -ne  sv c-ic cvorel

and t I’nat f r ame  syn c h ron -ni z a t i o n n  is  ni ec e-i - lost as a u-escil t of ci bit erro r’ in  (h e- svnic word.

11’nui c ’ r ti -nest- con di t ioni s , if  ti -re - c-c’ is a h)it sill) cc ’hich occu r’s on ti-n c- 200—tb bit of a fr a n - n e ,

thie ’t ’c- tc ’i lI lie- ci SO pi’o luhbil itv of b u t  c-u -mi ’ du ring the remain ing  , ) b ;  bits unt i l snc -h

t i n c  as the’ sy n c -  cvnn’ i I  is de’tc ’c’te-il ant i  proper syn c hr o n i z a t i o n  is i-c—established.

Simil ar-l u ’ i n t u i t - n -  the-se ’ c - o n l l i t i i l l i s , a s sunh i l ig  ti -tat no tcc’o bit slips oc’e-ur c-loser than

25G hits l’ro n ’ni c - c i t - i - n  o ther ’ , the  m a x i m u m  n u m b e r  of ei’c-o i’s that can occur  tIne- to such

:i conditio n is 25U . If ti -ne data  a i- c- random in natu re, onh’ about half of the- se cu’ i ll lie

e-ount e-d as c’i’P( i l’s , ‘h ’hitls , I 2~ e pro rs cc’ould lie’ read liv t I c  t i-st  s e t—np  u sc - i l do ring

this  s tudy .  [‘u rthei ’mo n-c- , if  the- Pc is an equal p t’ol)ah)uiity tb ia t  ti -ne b u t  s i l l )  ec in  ne-c-u i ’ on

c l n y  give- n bit in tb-ne ’ 25U—hit frame, ti-nc’ slip, on tb-re- average , ccill i’e - s n i t  in ci hun n- st of

~i-l c rc -ac -S.

If cc c- nocv ten [Tn to the’ p rob )l c-rn of lu en so L-iI -ng [111 R on n-n-no i’e sophistic- cited h -nc -n c-chi n c-c- ,

nam e - l i ’  ci svst c-m containing de’skccv e’l c-c’t 1 - nmni ivs  , cve c-an d i scuss  ti -nc p i’ohclni of f r a m e

sc-ne -hi roni za t ion .  In senc- hi a sy s tem (he data a i’e- framed in 25 (i—bit blocks prior to

c-ceo nhing. [Icc au l se-  of the  ci c-go n i -n c ’ n - n t  s h x ) se ’( h  i n  the- i i  c- e ’Vi ( l i i  s ~a i-ag i’ap h , (lie’ BEll shuut ni d

approach ti - n c -n t nue ’asu r’ -d cc’ lie-n -n a bit sli p oe’c ’th n- s na i l , i nule c d , it (hoe-s - Cutler  the -sc ’ con—

ihit ions , it is not sn c-p c-i sing ti -nc - n t i hi l’fc- re-nt 111211’ s c-all be’ me’asu n’ee1 on ti-ne’ sal-n-re’ track

dep e-nd inu g on cc ’iiet luc r or’ not ti - nc-  dci t c t  i s  i h-sh ’ce-cc ’ eih -

Up ( ii this poi n-it cc- c- iuav e a ssn inc -cl  (tn t loss ol l’ c-a n uie - i l l ’  cvo c-il sine -h  roni z a t i o n  can

take place onhi ’  as c n result i i ~~ li lt shi h i I i d h ,ci ’. i l - l i ’  a c-c’ othit- i’ c ucIc 5 il - n cvhi e’ h loss of

f r a m e  sync ’ luroni za t ion  c-an u t - c - t i  P . howe- v t- n’ .

I- ’ r anu e- synch n’orni zat io n-n i a  [I lie’ le us t in - n t i l e ’  d c - s k e w  c- l i - i l n ’t m n i c s  it ’ t he ’  sync cvord is n t - I
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recognized due to a i)it erit r il -n ti -nc s\’nx- cvc) c-cl , anti ttn c data in - n t ha t  Ira Il-nc s imul t aneous—

lv contain a ny g roup  of hil ts  ident ica l  to ti -ne s~’ n-nc cc-a i-cl.

The probability of this happening in any given system will affect  (lie oc-crall erro r-

rate of the system. lu ll anti \Vcblcmoe (R ef .  (~~~ hac ’e analyzed this  i) i’Oh) lem an -n c -I die- —

veloped equations for calculating this p m b u a b ) i h i t y , cu - b - rich -n is related to ti -n c length of ti -nc
ss’nc cc’o rcl , the part icular  pattern of the s\’ nit - uvo rd , tile length of t I ne  f r -al -n -ne and (li e-

sync h ro nization strategy used.

Independ ent of the cvork clone under  thi s contc-act, strtdi e’s cc’ere made of ti -ne ’ sc - ste-n - ni

used for deskecving ti -ne data anti appro p riate- ca lcu la t ions  uv e-re mai ic- to ui e-tc-n’mi nc- if
the choice of sync cvord and ti -ne n-netho (i of sy h -n c -  hete-ction used cc-ould pr ov iui e ’ hon  ci
reasonal)lv locc prob ability of loss of fr an -n c synchronizat ion an - nil  ti -ne- h u r s t  c’i’r() I’S
caused by such a loss. The calculations revealed that , in th e- svs(e-ni usc- n h , lhc ’ r’e- uvas

significant i’oon for in -n i) rovenu cnt ac hievab le- by cha ng i n g  1 iotl’n ti -re- s v n -nc - cc’o i’d a nil the-

method of (ictcction.

Subsequent tesL, uc’cre run dn a system to (c-v a n-ni h vi- rifv tI - n e -se’ e ’a l t -u l c i t ion s  , li nt

tile\- cc-c i-c not c-c- r’ifi able. The men so i’eiuie-nts I’evc-n ic-cl t h a t , the ’ c-c’ cv is , in  (‘at- , a c e-rv

low pmi)abi l i tv  of loss of f r a m e  sync-h roniz at ion  d Ie- to th is  c-nose- . ( In c-c- t h i c - s c ’  tin e - cl—

surenlcnts cc-crc rtladie , so-n-n-nc thought (il -n ti -n c ’ s nh i j e e - t  c-c-snl (c ’tl i l - n  uvha t  d l h u h i e d i  n-s to l ie- a

vali d explanation of ti-n e re-ascin fd) P the- i n c -on s i s t c -n u c - y  het\c’ c’c-ti t h e’ i l d h t n  c h I l l  t b c  - a l t - u l c n —

tions : As iti all p r ohu ahu i l i t y  t’alc’ulati (ihis , c ia  in t e - t ’ c i c - t u -nn e -x i s t s  I ic-tcu e’e-ii (lie’ th e-a nc ilt - —

veloped and the statistics imi vol c- c-tb in - n a real si t u c n t i e i  n. i”ii n’ e -N ctn i i I ii (‘ , c -c - n i t -ti I a t i o t u  ( I f

the probabi l i ty  of loss of I rame sync ’hmni za t i oh l  dut ’ t~u th e- - c l i i s c - s  i h - ~~i ’ t’i lie ’ih ilu this

sectio n (lepends on -n ti -nc accen racy of asset n i h u t i o n s  c -anile- n - c- ct n’ih i ng the-  pn ’ ic - n h i i i  Ru of

bit erro r’ in the sy stenu . :\ll of the tiueo rv the -ve- lcupc- d c i ssr i me ’ s th at ti -ne - n- c’ i s  c - nt - n e ’q r i :i l

proba h u i l i t c’  of hit cn ’mr ot -n c-ac -lu cund e- y i- i’\ h i t  (hc i (  h i a s se - s  t h i i ’ o l l g b i  l hc -  5 \ s i l ’ l U .  ‘h ’h i s  i s

t rue for n o n — l u a n d l i m i t e t h  N h -I Z - — i ,  i l c i t a  i n  t in , - pr ’esen lc ’t ’ of uc ’I iit t - gci u ss i clil l ia i se .  l i i

assu li - n d - t i -nat the- sam e’ is t ru e l i i  t’ ( h i t -  c a s e ’  oh h ii g h i — i l t - t u s i t v  i h i g i t a l i-c c-n n ’ c i i  r~g uc ’h ie ’t ’ c- thi t- ne ’

is sever e -  h i a n i h l i  n u i t i nig at - ni l  ti -n e- (‘t u lle ’ used is (tic’ \ l i l i e n ’  c -n I le- uu h i i c - h i  uu ’ cis u s c - i l  for  the ’

specifi c t .’st bei ng ih is -iisse- d ) is ( ‘I ’c - oh - n ( o t l s .

In ge-i -ne-i - al , h i a h u c - I s  l h i s e - r l s s i t i g  t h e  c h i ( u i ( ’ t ’  i i i  su n( ’ ci’on’ h c - n i - n i h  t h t ’  h ’ c - l i c l h i i i i l \  oh ’ n be ’nc ’ ’—

tion of s\ nc uvor ds , a s su iu ie  tha t  tlie h )rohi_ lhu i l itu at’ h i t  ~-r ~~i t ’  i s  eqi ln I  to i’ c n hh liins . l n ik- i’
St l ( ’ h Ci i.e-il nisl:l i t t ’ s  - it is corn tuon tu i re-coin ti - n e-i - nih tb - n t - use ’ of I l ci c - h- c e- c -  i - n i l e - s  l i i  t ’ sy luc ’
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words. Barker-code chosen wo rd s have unique correlation properties which increase
the probability of recognizing them when seen in the stream. However , once again ,
the probabilit y calculations used to prove the superio ri ty of Barker wo rds under such
circumstances are based on use of the N H Z — L  code in a non—band l imited system in
the presence of noise.

In systems cvhere : a) The signal is severely band l imited : or b) ‘I’he code is signi —
9

fica ntly different from NRZ—L (which both M iller code and the nccc-cr T\1 —code s are ,
since they are both Markov processes), the calculations are not val id .  Fur thermo re ,
in such systems , suitable probabil ity calculations are not mathcnuaticallv tractal)le.
Tim s , the ulti  nïn ate t i- st is to determine the probabil ities in quc-st ioll th roug h the use
of exper imental  da ta .  ,-\s cc-as stated befo re , such expe r imeutn i data  wec-e ga (hercch
i ndep c-n( ient oh ’ th is  contract  atid revaleci ti -nat ti -re choice of sync u’i ’oc-ii a l-ni l sync cl c - t c -c—
(ion schenle us e - tb  in  t i e  sy stem pci-fo rmed in such a il - nan - ni - net ’  as to i nd i ca t e  (b - rat  if loss
of f r ame  sync occu rred , i t  cc’as mo re likely ti -nat i t  cu-as due to loss of hit  sc -nuchn’on i z a—
tion tilan due to lack of prope r d etection of (1-ne svtic cu-o i-cl .

Fu rthermo rc , since the sync wo rd detected in - n (lie deskccc- logic used cons i st s  of
14 ‘‘ones’’ in a rocv , anei the test method used oni ti-ne 2—i n-nc-I -n fe ’asihi ilit y lu nch_-i coiisi ste-ti

of a pseuc h o—ran cl on -r , 51 1—bit wo i’d , and soc-h a cc-a c-el cat -ni -not , liv d e f in i t ion i , conta i  ii
n-nore ti -nan -n nit -ne ‘‘ uric -s ’ in c-n mci- , loss of f t - an -n -ne s\ ’h l chi ’Oh ’nizc i t i on il ia c’ to bit i-Pc-oh’s i i
the sync cs-o i’d is bi g lily in - n - n  p c-oh iab l c’..

~~~ 5 Additional Points

Finally , it Sb lothlti  h ) e macic clea n’ tb - nat  in - n any i’cai system as oppose-cl to a svstc -n i i
h i- i tu g tested for  BEl l  in ti -n e laix) ra to rv , ti -ne ac tua l  e t’i’o p L’atc’ 0 1)sc’rvc ’i I m ay  lie c-i l i -ne ’ t-
bette r or cc-or-sc th aI -n tha t  nleasu reel in tb -ne- m l x i  i’ato c-v , dc-p ending  on -n tb -ne ’ u vc i c  t h at  the
r’cal data a c-c fo c-ma tte (h on tape. Th ’h i 5 li i  [‘fl u a t  ti hug h i ia v  lie ’ pa t t i  a l ly  due’ to tb -ne ’ fi’am irn g
cvithi a ti -ne- n-ceo i-ders , setch as in -n ti -ne ’ deskecu’ ci n ’cuit n ’\ , or’ i t  iuuav  tic due to tb -ni ’ pa l’t i ( ’li—
I a n  uc’ay i n  uv hich t ine usc-i - ’s da t a a re- l’oi’i-nma tle-d but’i ol ’ to 1ici rig dc l i c- c- n - c-il to li - n t’ n ’ -c-iu nie’n’.

s ci mini mum , i t  is I n ij s i  r ’ta at ( h a t  (luc-st’ facto n’s lie tnt - nile- n’stt uiu h c - nt ( l ie-  s c s  t e l - n i  lcc’e-l
(ii dl s s t i  i_ c- th i n  I thi e ’ ~ h I t t’ I f i e n t i o n  111) 1 105 c - I  on ti e- n ’e’e’o n’ui c-  n’ nic inr i icli-tu n- c-i’ not lie ’ i i c - c- i-i \
( ‘ i i h s c -  c-va (j ct- iii’ h u e - c-a l In c- d i 1:1 c-t i c ’ul ct t - c-cal c i p h u l i c a t i o n  , a c-nil I h d i t  soc- lu s l i c - ( ’ i t ’i c - c h t i o t - n S
i n c l n t i he  ~ ~e ’t ’j f i c -  s I - c -g d t’ul ing Ui - mc ci c — t i  c -c - i -ni t - Ill c-n t - ni l  intc c-p i’e-t cit ion ’n at ’ I d l — c ’  1’ c-on’ i’a Ic - s
as c u i i ~il h - c i  l i l t -  to tb-n e— (ic-c- c-ciil s c - sI t -n - n i c-e’qui i’e hil d’llt s -
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9.0 CONCLUSIONS AND RECOMMENDATIONS

The study revealed tha t the recording and reproduction of a total throughput ra te
of 240 Mb/s should be feasible in the near future. It provided the necessary insig ht
into several problem areas which need fu rther work in order to develop such a sys-

tem. Thi s wo rk is considered within the realm of current technology and does not

require a major breakthrough in the state of the art . It fu rther proved the feasibility

of developing such hardware and maintaining the capability for “slow-down” (time-

base expansion) on reproduce, and machine—to—machine compatibility.

The study helped to confirm the concept that more is to be gained in packi ng densi-
ty per unit area of tape by increasing the track density than by increasing the packing
density per track. This conc lusion arises from the fact that on the basis of the data

taken on this study in combination with that taken on a previous study (Ref. 2), and
comparing the results with two different track densities at the same packing density

per track , one can conclude that a decrease in track width of 10% (caused by an in-

crease in the number of tracks per inch of 10%) will result in a degradation of record
margin of about 1 dB , whereas a decrease in per track packing density of 1O~ will in-

crease the record margi n by about 2 dB. Thus , for the same packi ng density per
square inc h , a 10% inc rease in track density would inc rease the record margin by

1 dB.

Given that the same error rate was allowable in both cases , thi s extra dB in record
margin should allow for an inc rease in density per square inc h by an amount equal to

about 5%.

These results should hold up to the point where track densities become so hig h as

to cause problems with crosstalk. Previous experienc e cvith crosstalk problems inch —
cates that they will first become apparent due to either transfo rme r or capacitive

crosstalk in the heath , depending on the per—track bit rate. One method of relievi ng

these problem s cv ould he to interleave th ree i-read stacks instead of two in order to

achieve the increase in track densit~- on -n tape and at the san-n c time maintain adequate

shielding between tracks in the head stack

As track densities are inc reased even fu rther , the nex t l imiti ng facto i’v cvould be

tape crosstalk due to the problems related to tape t r ack i n g .  These probienus cc-ill place ’
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some uppe r limit on the track density on tape , althoug h clearly it cc’ns alx)ve ti -nat used

in this study.

The study also pointed out ti -n e need for fu rtbuet cvo rk on -n ti -ne s ignal  el ectronics if

they are to be able to hantile higher bit rates per t rack.  In pc -n rticu lai ’ , uc-o rk most lie

done on the head thrive r anti ti-nc cii rect replD chuce ampl i f ie r .  I louc-cc ’et ’ , thi s cc’ark is

considered well within the state of ti-ne ’ ar t .

Finally thi s stud , plus other A mp ex— related cvork , emp ilc i si zcd ti -n c d i f f i cu l ty  of

nleasuri ng the reco rder ’s perfo rmance in - n ternu s ol ’ bit erro r rate, It is n-rot , Ion - - -

example , enough to quote a BER on a repetitive 511—bi t h) Se ocio— c -afldiO m sequence.

One must  fi rs t decide cvhetiuer “bu c-st errors ” should be included.  Ideally on-ne uvoenlcl

like to separate ti -nose cc-rot ’s caused by tape defects fran -n -n those  caused by ot iier sy s—

ten -n defects in a rcher to d ete rmine if on-ne recor der  has s igni f icant  ad vantages oc’ec-

cinother. .\ secotlil c a  r iabte ’  is hocu’ ti -n e re-co i-’che’r handles bu r-sts due to tape d efects :

it  max - , for exanu lui c- lose ’ bit svnchron izat ion for a s ignnif icant  number  of bits bcyondh

a h o  i-st caused i)\ tape- def e- c ’( s alone. Tluis introduces still another problem in ti-nat

t h -  op e-c-atio nnl usc- of th e  recorder is unlikely to be ccith i  51 1—bit psettcio—ranclo nu i Se—

qru ’n i ’c-s . Th e’ op t imum fo c-mat to min imize  Iiu i-st leng th operationall y anti uvhen ti-sting

cc’ith a pseudo — ra ndom sc ’qi ’cn e- e- may c-all fo r’ substantial ly different solutiori s. This

wil l  be partic rnla r’lv tru e if pattc i ’tu sensitivities t ’xi sts  in - n ti -ne svste ’n i . Fu rt l i c -r n u io c-c

tb -nc le ngth of a 1iu c-st car n sed liv a b it sl ip (uu ’hic h i may be caused ti v a ta pe dro pou t i

cc-ill depend d)ri ti -n e- r esvnchi Y)ni znt i on  ti c-n e uc hich il -n tu i’n cc-ill ehepenci on the fo rniat

u sed , anti inch- ed this I i r oh ) l cm should possib ly hue a facto r’ in - n choosing ti -ne operational

fo c-n -n -n at as cvell as tb - ne fo i - i - n - nc -n ts u sc- i l  cc-i thin t 1 c- n ’ c-t - t ic - diet ’  for  othe r PU rpo ses , e. g . ties—

kecc , e [‘I’d) c- ( iete-ctIonl c - nt - nil  c -ti n _ n _ c-c- t ih in u c-I t - .

‘I h -nt is , apa r’t fro m t i -nc c- as i i \  ih e f i  nc-i l ( d i  h - get of i n -  n ’d-ased ch ch ls ity t e i ther  in bits in

o r’ t c- a e -I -,s m t  , there a n-c otiu e r’ a r c-cis t I c - i t  d i h i pe c i  r’ -~uo n’ ( h i fri rthei’ ~t u t hv

a) l” o c -n -n - ratting techniqu e- s cc-i-n ic-h de’e- i’ ( ’ c i 5 e ( ‘ I ’ h -n i t’s th u e to i’esvnc’h roniz ation ti n -rues.

I) ) E c -ron - che-t e- c t i t i ni  and co i’i’ectioiu ( ‘t i ( h c ’ c - i cc -h it- h are opti mize-il fo r’ these (\p c- s d)f

n ’ t-e- o rile c-s.

c) ( )pti nuu n - ni methods fa t’ n-nea so ni lug 13 ElI in the tape rcco rile n’s a ad hocc’ these

ni et ino cis arc i nf ltn enc cch h - n c ’ the fo rmat of the data to be recorded .
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Such studies sbould result in both better recorders and improved methods for the

evaluation of such reco rders by both the government and the industry ; thu s assuring

that test procedures used are capable of revealing potential weaknesses in the record-

er in an operational environment in advanc e of hardware acceptance.

ic- i
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APPENDIX A

Dependenc y of Bit E r ro r  Rate Measurements
in Hig h Density Digital Recording

On Patterns used for Testing

In high density digital recording , some channel codes are ext remely patte rn sensi-
tive. This comes about because of intersymbol -interference in a system due to a lack

of insufficient bandwidth , In a recorder /reproducer at high packing densi ties whe re
the bit rate being reco rded is hig h relative to the bandwidth of the recorder , the use
of diffe rent data patterns for testing can have a significant effect on intersymbol—inter—

ference and the resulting error rate.

Since the reco rder does not have the ca pabili ty to reproduce dc , codes which ha ve
a capability of a large dc offset as a result of particula r patte rns of logical “ones ”

and “zeroes” will exhibit poorer error rate performance when subjected to these types

of patterns than when subjected to conventiona l pseudo-rando m patterns. It is not

always easy to find that particular pattern among the infinite number available which

will produce the worst-case condition for a particula r code. For most common codes

used in the industry however , the problem is simplified. For example , confronted

with a code designed to block the data into an n-bit word , one would search for a par-

ticular n—bi t word which , if repeated often enoug h , would cause a dc offset .  If the

code was designed to convert n-bi t wo rds into n+m hi ts , one mig ht searc h for  both a

variety of n—bit words and n~ m hit wo rds which mi ght cause the worst-case pattern to

appear. -

In Miller code , it has been known for some ti n-nc that the worst case pattern is

011011011011011 etc . , in the sense that this patte rn causes the worst—case dc

offset. This happens to be a 3-bit repeating wo rd . In order to test for this condition

and othe r possible ill-conditioned patterns , Ampex designed and built a specialized

piece of test equipment. Among many others , it generates he above pattern , and re-

peats it a very larg e number of times .

The special unit  used in our tests is caiied a “ ran -np genera tor” and is shown in

simplified form in Fig . A — I .  The 6—hit b inary counter paral lel—loads a 6—bit shif t
register whic h is clocked ornt serially.  The divider in thc clock is such that  the 6— bit

serial word can he repeatedly generated f rom 2 to I2~ t imes , befo re the next (i—bi t

wo rd is generated. The name “ ramp generato r” comes f rom the fact tha t If the output
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Figure A-i . Block Diagram of Ramp Generator
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of the counter is fed to a Digital—to-Analog converter its output will be an analog ramp

signal. At 3. 6 Mb/s . if a 511 bit pseudo—random sequence is ued as the test pattern ,

the lowest discrete line frequency present in the data waveform is a fundamental com-

ponent of about 7 kHz , when the tape is reproduced at 120 in/s or around 440 Hz when

it is reproduced at 7.5 in/s . When the ramp generator with a word repetition of 128

times is used , the lowest frequency component under the same conditions is about 70

Hz at 120 in/s reproduce speed , and 4.5 Hz at 7. 5 in/s.

Detection of bi t erro rs is achieved by using an identical ramp gene rator as a data

comparator. Synchronization is accom plished by presetti ng the counter to the prop er

count whenever 12 zeroes in a row are seen in the incoming data .

We have found the ramp generator pa rticularly useful in studying the rela~ ve pat-

tern sensitivities of a variety of codes. In particular , measurement of the error  rate

by means of the ramp generato r with va rious nrnmbers of repetitions of the (i-bit word ,

and comparison of the results of these measurements against each other as well as

against those obtai ned with pseudo- random sequences of va rious lengths , offers a n-nea-

sure of the pattern sensitivity of a number of codes. The choice of the numJ ~~r “6” for

the length of the wo rd came about as a result of experience with Mil ler  Code and its
worst-case pattern. The generato r does indeed generate thi s wo rst-case pattern re-

peatedly over a long sequence of bits . Tests demonst rated that the pat terns  generated

by this device proved the modified NRZ code to he rathe r pattern—sensitive. G reate r

pattern—sensitivi ty in thi s code might have been observed had the choice of the number

of bits per word used in the ramp generator been “7” , since a common implementation

of this code operates in such a manner as to block the incoming data into 7—bit words ,

each of which are then converted into 8-bit words (Ref. 2).

Figures 11 through 14 in the body of this report illustrate the type of info rmation

which can be obtained about the relative pattern sensitivity of a code using this ramp

generato r. These fi gures were taken f rom Ref. 2 which contains a great deal more

information on the problems of pattern sensitivity than can be included in this Appendix.
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APPENDIX B
The Miller-Squared Code

Jerry Miller of A mpex , invented the Miller -Squared (M
2
) code. The descri ption

of the M 2 cod e is simplif ied if it is desc ri bed as a modification to the Miller code.
The refo re , the Miller code will he described fi rst.

The Miller Code

The encoding rules for Miller code are as follows :

a. A logical one is represente d by a transition at the center of a bit cell.

h. A logical zero is represented i~~~~ a t ransit ion at the leading edge of the bit
cell , unless preceded by a logical one , in cv hich case this transition is
suppressed.

Figu re B-i (a) represents a data stream encoded in the Miller Code.

The dc content of a repetetive signal is represented by the equation

fT
d c =  J f t t t  dt

0

Figu re B-I (b~ is a p lot of f  f ( t )  dt . ‘l’hi s plot is also called the digital sun -n varia-
tion (DSVt . The dc content is proportion al to the rate of growth of thi s DSV . As can
he seen lic- compa ring F’ig. B— I (n~ with Fig. 13— 1 (b) ,  the pattern cyhich c reates ti -n e
n l ax in u u t h lui r a te  of g rowth of the DSV is a repetetive pattern of 0110110110 
It is thi s pa t te rn  in the Mil ler  code which  is cvorst case in the sense that  it has the
iargest  k’ i ’ontent .

The ~I ( ‘ ode-

‘l’hc ~1 code i s  a code which is s imi lar  to the Mil ler  code bot wi th  additional rules.
-\ i i  possible bina ry patterns can he c lass i f ied as being made up of patterns fa l l i n g  into
one of th e  follow i ng classes:
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Class A 1 , 11 , 111 .

I. e. any number of logical ones in a row

Class B 00, 010 , 01110 

i. e. a pair of zeros or a pair  of ze ros sep a rate d

by an odd number of ones.

Class C 0110 , 011110 

i. e. a pair of zeros separated b~ an even number

of ones.

When t h e  bina ry data is encoded into Mil ler  code , ti -n e dc average of t i n e  r e su l t ing

signal will he zero if the pattern belongs to eithe r (‘lass ~-\ o r ( ‘lass B , but cvi ll be

fin ite if the pattern belongs to Class C. This can be seen in Fig . B— 1 cc-here the

var ious classes of waveforms are sketched .

To encode in M code the rules are as follocc’s:

a. If the data pattern falls into (‘lass ~
-\ ot  13 encode b ti -ne rules of Millet ’

code.

I). If ti -ne data pa t te rn  falls into class C , encode b~- t i -ne- rules of ~l i l l er  code

except suppress ti -ne transition -n normal ly  used for  t i-ne las t  logical one m u

the pattern and classify the next pattern sta rt ing withu t i -ne zero t’o l locvin g

the supp ressed t ransi t ion.

l’igu re 13—2 i l lus t ra tes  the sanue binar y pattei ’n used in l~ig. B—I end-od e-d i hu t ( i  \1

code cc’ith the suppressed transi t ion -n s indicated 1w an -n ‘‘x ’’ oc-en’ t i -ne h~ n -n a n’ one.  The- i n —

teg ral of th e- resulting cva vefo i’m i. e. the DSV , is also plotted in - n t i - n e - ii i~u n’e. .\ s ~ an T

see-n , this  DSV is bounde d , wit h the hounds being repre se-nte(i by dotted l i n u es  . II i s

these hounds cvhirh make the co(ie’ die free. -\ s an ai( 1 to unde  r st a n (h i n g  , Fig. li—-I

i l lu s t  rates the c l a s s i f i ca t ions  of ti -n e’ c-a rious p at te  n’ns d)cc’u rr ing in - n t i -ne I i inu a n - c da ta

used as an example for an ~l encoding sy s tem.
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Figure B— 3. Sketc h of Wavef orms by Class
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